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ABSTRACT

The objectives of this study were to investigate soil-pneumatic tire interaction and develop
traction-soil compaction prediction model. We have developed an inverse solution
technique that employs a response surface methodology to determine engineering properties
of soil in-situ. This technique is useful in obtaining actual properties of soil in-situ for use
in traction and soil compaction studies rather than using the values obtained in the
laboratory by employing remolded and/or disturbed soil samples. We have conducted
extensive field tests in the U. S. to develop semi-empirical traction prediction equation for
radial ply tires. A user friendly traction-soil compaction program was developed to predict
tractive ability of radial ply tires using several different techniques and to estimate soil
compaction induced by these tires. A traction prediction model that incorporates strain rate
effects on the tractive ability of tires was developed in Israel. A mobile single wheel tester ‘
and an in-situ soil test device were developed in 1srael to significantly enhance the ability of
Israeli investigators to conduct traction-soil compaction research. This project has resulted
in close cooperation between UCD, Technion, and ARO, which will be instrumental in

future collaboration.



IV. OBJECTIVES OF THE ORIGINAL RESEARCH PROPOSAL

Background: Over the past few decades, tractor sizes have steadily increased. With the
growth in power, performance is restricted mainly by the limitations of the traction
device(wheels or tracks) imposed by the terrain over which the tractors operate. The
tractive efficiency (ratio of drawbar power to axle power) of pneumatic tires ranges from
about 90% when operating on concrete to less than 50% on loose or sandy soils (Wulfsohn
et al., 1988* ). A conservative estimate of the annual fuel loss due to the poor tractive
efficiency of agricultural tractors in the United States alone is 152 million gallons(Gill and
VandenBerg, 1968). Even the increase in tractive efficiency by a percentage point, amounts
to over 25 million dollars saved annually in the U. S. alone. Since drawbar is the most
commonly used power outlet of agricultural tractors, the ability to provide draft to pull
various types of implements is one of the measure of a tractor's performance. The tractive
efficiency with which the pull is achieved is also of importance. Both the pull developed
and tractive efficiency depend on the dynamic axle load, inflation pressure, tire type and
geometry, and soil type and conditions (Upadhyaya and Wulfsohn, 1989; Wulfsohn, et al.,
1988; Upadhyaya, 1988; Yong et al., 1984; Gill and VandenBerg, 1968). For a particular
tire working in a given soil type and condition, tractivé efficiency depends on dynamic axle
Vload and inflation pressure. Numerous researchers have shown that increased dynamic load
on the axle leads to increased tractive performance of thé tire (Upadhyaya et al., 1989;

Waulfsohn, et al., 1988; Yong, et al., 1984; Wong, 1980; Nowatski and Karafiath, 1978;

and Bekker, 1956, 1960). It should be noted that the tractive efficiency does not continue

to increase but attains a maximum and then decreases as the dynamic load increases due to

increasing motion resistance.

* All references can be found in the body of the text.



5

Although, increased dynamic load on the axle leads to increased tractive pefformance, it
also increases soil compaction. Soil compaction has been recognized as a major worldwide
_problem with serious implications for agricultural sustainability (Gupta and Allmaras,
1987). Increased weight of tractors, harvesting equipment and trucks in the past few
decades are the main reason for traffic induced soil compaction (Daniel et al., 1988;
Voorhees, et al., 1988; Taylor and Gill, 1984; Gameda, et al., 1988; Negi, et al., 1988).
»Increased soil compaction leads to a reduction in air-filled porosity critical to gaseous
diffusion and exchanges in soil; reduced water infiltration and resultant increase in surface
flow and soil erosion; collapse of natural structure leading to a coarse seedbed for -
subsequent crop; increased resistance to root ‘penetration; increased tillage energy
requirements; decreased biological activity in the soil ( Trouse, 1971; Russel and Goss,
1974; Chancellor, 1977; Gupta and Larson, 1982; Grable, 1981; Bowen, 1982; Taylor and
Arkin, 1982; Cannel and Jackson, 1982; Hadas, et al. 1983, 1985, 1988; Hadas and Wolf,
1984, Wolf and Hadas, 1983, 1984; LAWR-Cooperative Extension, 1984; Braunack and
Freebairn, 1988; Carter et al, 1988; Chamen et al., 1988; Dickson and Campbell, 1988; .
Raghavan et al, 1988). These factors lead to reduced crop yield, increased energy césts,
machinery wear and tear culminating in increased cost and reduced profit (Raghavan, et al, |
. 1979a,b; Negi, et al., 1981; Chamen, et al., 1988, 1990; Dickson and.Campbell, 1988; .
Daniel, et al., 1988; Douglas and Campbell, 1988; Voorhees, et al., 1988).
Voorhees(1990) pointed out that the problem of soil compaction has been of concern in the
southeastern and south western United States. In recent years, this problem is getting
increased attention in the midwest and northern region. The economic loss due to increased
soil compaction is estimated to be $157 million in Canada and $12 million in Swedan. In
the United States, the economic loss due to reduction in yield alone is estimated to be over
one billion dollars! (Voorhees, 1990; Raghavan et. al., 1976). It should be noted that the
adverse effect of soil compaction depends on soil type, crop type, and available moisture

(Soane, 1985). There appears to exist an optimum level of soil compaction which is



beneficial to plant growth. This optimum is higher for monocotyledons grown in coarse
textured soils in dry seasons, and lower for dicotyledons grown in fine textured soils in
wet season (Soane, 1990). Yield reduction resulting from adverse effect of soil compaction
may not always be noticeable. The adverse effect of soil compaction can often be offset by
increased use of water and chemicals. However, this increased need for water and
chemicals which has undesirable effect on agricultural sustainability should be charged to
soil compaction (Poincelot, 1986). Taylor and Gill (1984), Taylor (1990), and Schafer
(1990) have emphasized the need for "managing” soil compaction. Thus there is a need to
compare the gains in traction due to increased dynamic load with the adverse effect of soil
compaction due to heavy axle load. This BARD project was undertaken to address the
traction-soil compaction tradeoffs as a function of dynamic load on the axle.

The major objectives of our study were:

1. Develop a comprehensive traction-soil compaction model that incorporates dynamic
effects.

2. Develop improvéd techniques for measuring relevant soil parameters under dynamic
loading conditions.

3. Experimentally validate the developed traction-soil compaction model in controlled
laboratory trials (soil bins) and in the field.

4. Develop guidelines for agricultural equipment operators (charts and monographs)
based on the validated traction-soil compaction model to optimize traction potential while
reducing soil compaction.

5. Develop a model based expert system to assist farm equipment operators, dealers,
and manufacturers of traction potential versus soil cofnpaction hazards due to soil-
pneumatic tire interaction. The knowledge base of the expert system includes a quantitative
model to predict traction and soil compaction which employs tire geometric parameters, tire
type and loading (vertical load, input axle torque, and inflation pressure) and soil type and

condition.




The secondary (specific) objectives of this were:
1. Iﬁvestigate tractive ability of pneumatic tires as affected by

a) tire type, tire geometry, inflation pressure and dynamic load on the axle at
various levels of slip;

b) soil type and condition- soil density, moisture content, soil structure. Pertinent
soil dynamic parameters, which relate the soil-tire interface stresses to the total normal and
shear loads, and the rate at which they are applied, may include soil cone index, soil shear
modulus, maximum shear stress at failure (cohesion and internal angle of friction), elastic
and plastic modulii, and soil>sinkagc parameters measured uﬁder various load rates.

2.  Derive quantitative relationship for the 3-D tire imprint dimensions based on soil and
tire characteristics and loading.

3. Develop quantitative relationships between net traction, input torque, dynamic axle
load (vertical and horizontal), soil condition and strength, and tire parafneters as a function
of wheel slip.

4. Develop quahtitatiVe relationships for compaction within the soil as a function of tire
and soil parameters and applied dynamic shear and compressive loading.

5. Combine the above objectives into a rheological-mechanistic model or one based on
constitutive laws (e.g. critical state based model) and verify the model experimentally.

6. Incorporate the model as a knowledge base into an expert system to advise farm
equipment operators, dealers, and manufacturers of traction-compaction tradeoffs of
various pneumatic tires in different soil conditions.

Modifications of the objectives: At the initial meeting between the U.S. and Israeli
investigators we decided that U.S. investigators will concentrate on the determination of in-
situ determination engineering soil properties (secondary objectives 1a and part of 1b),
determination of 3-D soil-tire contact profile (secondary .objective #2), development of
traction prediction models (secondary objective #3), and the Israeli investigators will

concentrate on the dynamic aspects of traction prediction (part of secondary objective #1b),
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and developing a soil compaction model (secondary objective #4). At the end of secoﬁd .
year of the study when Dr. Upadhyaya visited Israel the project status was evaluated and
we decided that dynamic effects were extremely complex and would require much more
time and effort to bring to meaningful conclusions. Since even the quasi-static aspects of
traction and soil compac.:tion are not well understood, it was thought to be worthwhile to
concentrate on tﬁe quasi-static aspects. We felt that since miost of the agricultural heavy
draft operations fall under this category (0 to 5 kmph range), this is an appropriate
compromise to make. In view of this, only limited studies were conducted in Israel on the
effect of strain rate on soil-tire interaction. We decided that Israeli investigators will
concentrate on the development of traction and soil property test devices (single wheel
tester and in-situ soil sinkage and shear tester) and the development of a quasi-static soil
compaction model. Rather than critical state concept based soil compaction model which
requires a large computer to simulate, a simpler model that can be implemented on a PC
would be developed by the U.S. researchers. Moreover, secondary objective #5 would be
accomplished by integrating the traction model with the soil compaction. It was also felt
that we would not have enough time to accomplish objective #6 as it stands (réduced
budget compared to our original request limited our ability to hire additional people to
accomplish objective#6). Instead of an expert system, an user friendly computer program
that predicts tractive ability of pneumatic tires would be developed at U. C. Davis. When
coupled with the soil compaction.program, this results in a traction-soil compaction

prediction program.




V. RELAVANT DATA, METHODOLOGY, RESULTS AND DISCUSSION:

The relevant data, methodology, results and discussion related to the various objectives of
this study are presented in the form of jou'mal articles, presented papers, preprints and
experimental data éets. The results obtained the Israeli investigators are presented first
followed by those of U. S. investigators. They are presented in the chronological order
reflecting the implementation of various tasks and sub-tasks under the original/modified
research plan. Each section is preceded by a short summary or some comments as to its

content and its relevance to the objectives it addresses.
V.1 MODELING TRACTION

The work on the first major objective constituted the main thrust during this project

duration. The problems that were analyzed were:

a) traction losses by wheeled vehicles moving across fields with hard soil surfaces, and

b) the effects of variations in moving vehicle velocity on the generated traction.



PART A

ACTIVITIES IN ISRAEL
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Vv.1.1. WHEEL TRACTION PREDICTION ON HARD SOIL .

This paper presents a treatise on modeling traction generation by a moving vehicle across
hard soil surface where wheel traction prediction models may be either limited or even fail
since soil sinkage is practically zero and the cone-index readings are very high and
irrelevant.

The results and conclusions reached show the shear characteristics of the soil surface and
the wheel’s peripheral flexibility to be the major parameters in the model developed.
Traction was evaluated theoretically and experimentally. '

WHEEL TRACTION PREDICTION ON HARD SOIL

D. Wolf, 1. Shmulevich and U.Mussel
Member Member
ASAE ASAE

ABSTRACT

High traction is often required when operating tractors on hard field surface, such as
compacted soils or dried irrigated semi arid areas. Existing wheel prediction models may be
limited as soil sinkage under the tire load hardly exists and cone index readings are high and
not relevant. :

It was found that shear characteristics at the soil surface, together with wheel peripheral
flexibility are well correlated to the wheel performance and should be considered as major
affecting parameters. A tire traction model on hard soil surface, based on these parameters,
was developed and studied numerically and experimentally.

INTRODUCTION

The conventional models for wheel performance prediction and soil -wheel relations, do not
usually consider hard soils where tire sinkage into the surface is limited. The methodology of
these models is aimed at softer soil conditions and as is the systematics in characterizing both
wheels and soils. Some other works evaluate tractor operation on solid surface (de Souza and
Milaneze,1991. & Leviticus and Reyes, 1985). These works are important for wheel- field
performance prediction out of concrete test results, but they do not simulate hard field surface
operation. '

Tractors are usually designed to operate optimally on softer soil conditions. On hard soil
surface, especially when high traction is required, the tractor optimal performance is not well
defined. The selection of the tractor major characteristics is not based on a proper model and
analysis.

Bekker (1985) proposed a model for tire sinkage prediction for such conditions where the tire
is supported only by its lugs and their sinkage is less deep than their height.
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The sinkage of a driving wheel on hard soil is small and has little effect on the traction- - :

performance. On the other hand, under hard soil conditions, the tire circumferential flexibility
becomes a major factor. The lugs of an agricultural tire are high and their deflection when
interacting with hard surface may be significant.

The soil may be defined as hard when a footprint of the conventional agricultural tire is not
deeper than the height of its lugs. In cone index terms, it can be found that the soil strength of
hard soils, is above 1.5 MPa.

Hard soils penetrometer measurements are difficult and cannot be used to predict traction.

The model proposed in this work aim to predicts the traction performance of an agricultural
pneumatic tire on hard soil surface. It uses measured wheel and soil parameters. The soil is
characterized by simple in situ, portable direct shear. The tire is quantified by the
" dimensionless soil - tire factor circumferential flexibility which can bed simply measure on
rigid surface.

The work will present a tire-hard soil model for prediction of wheel performances. The model
has been experimentally validated by a wheel tester in field conditions.

TIRE -HARD SOIL INTERACTION MODEL

The modeling assumptions

The development of tractive force causes the driving wheel slip, which may be a combined
result of three sources:

a. Sliding - relative motion between a tire and soil at the lug contact plane;
b. Tire circumferential deformation. It is important as the construction of the agricultural
tractor with high lugs and low inflation pressure causes high deflection when driving
~ torque is applied.
c. Soil longitudinal strain. This deformation is a result of the top layer displacement in
relation to deeper layers when a horizontal traction force is applied.

The proposed model analyses the tractive stress along the tire and soil contact area. This area
may generally be divided in two main regions: the adhesion region and the sliding region,
according to Julien Model as defined by Wong (1978). The following analysis uses this
definition:

a. There is no sliding between the lug, supported surface and the ground in the adhesion

region in the front end of the contact area. When the lug just touches the ground, shear
stress does not yet exist in this front end. Behind the front end, along the contact area,
tire circumferential deformation and shear stresses develop gradually and
simultaneously.
The shear stress reaches its maximum value T, at a certain distance from the front end.
This distance, named here the critical length, Ic, defines the boundary between the non -
sliding and the sliding regions. The value of the maximum shear stress may be either the
yield stress in the soil, T, if soil shear does take place, or the dynamic soil - tire
frictional stress, T4 whichever is lower.
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b. There is a relative motion between the tire and the soil in the sliding region, from the
critical point to the rear end of the contact area. This motion can occur in either the lug -
soil contact area or in a deeper soil shear plane. It may be assumed that the shear stress
exists all along the sliding region and has the maximum value 7. This shear stress is a
function of the normal stress which can be assumed to be uniform in this region as well.
At the end of this region the tractive effort, acting on the lug is released and the stress is
zeroed.

It is difficult to define the contact area between the lugged tire and the hard surface. A
rectangular area which includes both the lug footprint and the intermediate area is considered

in this work .
The widih of the contact area equals the tread width and is considered indcpendent of the tire

section width or the inflation pressure. It can be also assumed from the hard soils definition
that the contact pressure at the tire intermediate areas is zero and that the ground resspure
under the lugs can be taken as uniform.

Soil shear stress as a function of shear displacement

The soil behavior when shear loading is applied, may be described by an elasto - plastic
model, as suggested by Grecenco (1967). The shear stress area can be divided into two linear

Zones :

a. In the first zone the soil shear stress t linearly increases with the shear displacement j.
The linear constant k has stress units to unit length and can be defined by:

Tt =Kgj A (1)

The shear stress maximum value, T, is reached for the critical displacement, j. which
depends on the soil type and conditions. This displacement is the boundary between the
two zones.

Ty = Kgje _ : )

b. In the second zone the shear stress is constant, independent of j and its value is t,.

The model schematics

The model assumption is that both the tire lugs and the soil act like a spring system. Each
spring is loaded in the front end of the contact area and released at its rear end. The two spring
systems are connected in series. In the adhesion region the increase of the tractive effort will
be linear with the spring deformations, according to the equivalent spring constant. In the
sliding region the tractive stress is constant and its value, as already mentioned, depends on
" the location of the sliding plane, either soil - soil or soil - tire.

.The schematic description in Fig. 1, describes the geometry and the relation of the various
system components on time basis. Subscript 0 and t note time. The time t is needed for a point
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at the tip of the lug, to proceed a distance x from the initial contact point. These schematics
are used to develope the proposed model Equations.

0,
va
q———_
dr
0, 2
d
2 A, A,
k,
By B, B¢
k
Co S Ct
D, D,
o X-j !J
Lﬁ X ), e |
T ¥
_ 1t |
l'li L

Fig. 1 - Schematics of the driving tire

The soil - tire interaction in the adhesion region

-

It is easily understood following the previous assumptions that in the adhesion region, the
mutual longitudinal deflection of both soil and wheel gradually increases. At each point of the
contact area the longitudinal stresses on both tire and soil surface are equal. The unit tractive
stress is: :

dH .
dxdy =t=kie = k) 3
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The longitudinal deflections cause a difference between the theoretical speed and actual
ground speed of the wheel. The theoretical speed is wr, which is the circumferential speed
for the rolling radius. ' .

While the tire element dxdy is in contact with the soil surface , (assuming constant contact
width), the actual wheel advance is only x-j. At the same time the tire's theoretical advance is
x+e.

Now the followings can be defined: .

X = i

The actual weel speed is : v, = e “4)
. . X+e
The theoretical wheel speed is Vi = 0f, = ; %)
The conventional definition of the driving wheel slip is:
s=1-2 ©6)
Vi
Using the speed definitions, the slip is:
A %)

X+e¢

As x>>¢ and as e and j values can be replaced according to the tractive stress (Eq. 3), the slip
can be modified into: '

T T

— e —
X X x\ ke kg

The equivalent longitudinal flexibility of both the soil and the tire may be defined by a
coefficient:
1 1 1
. kis k¢ * kg ©)
By modifying the slip (Eq. 8) and by using the soil - tire flexibility coefficient definition (Eq.
9) the shear stress function is achieved:
' T = KkySX (10)

With the increase of x, from the front end of the contact area backward, the stress increases. It
reaches its maximum value tp, at the boundary of the adhesion region, at a distance 1, from
the front end. (Eq. 10) is valid for this region only. The critical distance 1. is calculated

according to (Eq. 10):

1 = m an
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For the given tire and soil, the critical distance is a function of the wheel slip. The higher the
slip the shorter 1 is. For low slip ‘'values, the critical distance may be equal or even longer
than the length of the contact area 1. > 1,. In this case the contact area and the adhesion
region are the same and (Eq. 10) is valid for the whole contact area.

Following the model assumptions, the tractive force in the adhesion region Ha is calculated by
integrating the stress along the relevant contact area and multiplying it by the equivalent lug
width-b:

1

[
H, = bjktssxdx (12)
o .
or:
H, = 2 bkysl2 13
a "_2' s8¢ ( )

It should be noticed that b is the equivalent lug width, defined as b = n;b,.

For the case mentioned before, when 1 > 1;, the tractive force will be calculated for 1;.

Let the critical slip s be defined for 1; =1.. Eq. 13 will be valid as long as s < s¢.

The coefficient of traction (tractive force divided by the normal load on a tire), for the
adhesion region is:

. | (14)
When c, is a dimensionless soil - wheel factor, defined for simplification as:

2
kisly _ kisbly

(15)

The tire - soil relations in the sliding region

When higher tractive force is needed, the wheel slip increases and the critical distance

decreases, as can be learnt from (Eq. 11). -

The sliding region is formed when s > s and I¢ > 1.

In the sliding region the tractive stress is constant and its value is . The tractive force Hs in
- the sliding region is the product of the equivalent lug width multiplied by the integral of the

stress along the area:

1
Hy =bfrpdx =brg (1 - 1) (16)
1. :
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And by using the definition of T, from (Eq. 11) the tractive force will be:
H; = bkgsl (1, - 1) (17)

According to (Equations 11, 13 and 17) the tractive force H is the sum of the two separately
calculated partial tractive forces. For s > s the total tractive force is:

T
H=tpbl|1-—2—| | 18
Fm t( 2k[551!) ( )

As mentioned before, the maximum stress equals to either the soil failure residual stress T, or

the friction stress t¢, whichever is lower.
The friction stress is defined as the friction force divided by the contact area. Its value is:

Tf = PRy | (19)
The maximum soil shear stress is:
T, =C+ptan¢ (20)

When the normal pressure is high, the relative value of the cohesion in the shear (Eq. 20),
decreases. When c is relatively low, neglecting it will cause only a slight error, but will

simplify the Equation:
=ptan¢ - ¥3))

The variable tan®, can be defined for the maximum stress value:

tan® = % | 22)

According to this definition ¢ can be called the equivalent angle of friction or the apparent

angle of friction.
According to Equations 19, 20 and 21, the maximal stress tp,, may take one out of three

values.
~ The value of tan¢ will be according to the specific conditions:

=tan¢ when c=0 and 1, < ¢
tan® =c/p+tan¢ whenc>0and 1, < t¢ (23)
=pug when T > Tf

When (Eq. 22) is used while calculating (Eq. 18), the total tractive force can be calculated for
the normal load on the wheel and the equivalent angle of friction:

Wtantb) .

H=Wund|1- >
2k sbl’
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When the soil - wheel factor is added, the coefficient of traction becomes: ' .

H tan®
o tand|1- 25
woon ( 2 ) (25)

CysS

Tire traction on a solid surface as a means for predicting its field performance

When a tire operates on a solid surface, such as a paved road, the surface will not shear and its
deflection may be considered negligible. In this case the constant k may  be considered -
infinite and the equivalent soil - tire coefficient becomes the tire coefficient

ks =k,

The wheel factor is achieved by inserting k in Equation 15. The maximum tractive stress is
the tire to surface friction stress T¢:

1 = Wae _ PH¢ (26)
bl,

For the adhesion region, by using k, in Equation 14 the coefficient of traction is defined as:

2
Ha _ st | @27
W 2W |

By using Equation 27 and simple measurements on a hard surface, the tire can be
characterized for predicting its performance on the field surface.

Rolling resistance
To predict the tire performance the rolling resistance force and coefficient are required:
P=H-R=W(u-1) @8)

On a hard soil surface, the major component of resistance are the tire internal energy losses,
resulting from its deflection and hysteresis. Researchers such as Dwyer (1987) and Wong
(1978) analyzed and quantified rolling resistance on hard surface models. They determined
the rolling resistance coefficient of the agricultural tire in the range of 3 - 5 %, with negligible
effect of tire parameters or inflation pressure.

*  The working ranges

Following the proposed model, there are two working ranges. They correspond the two slip
ranges s < Sc and s > S¢.
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A comprehensive prediction requires the calculation of the critical slip and the use of the
proper Equation for both ranges. There is a continuity between the two ranges and continuous
prediction is possible.

Practically, the critical slip is quite iow and the actual traction is done in the higher slip range.
This means that calculating the coefficient of traction according to Equation 25 yields more
significant values. ’-

Tractive efficiency

The tractive efficiency of a driving wheel is defined by ASAE S296.3 (1991) as the ratio
between the output and the input power.

TE, P/IW
1 , . ' ' '
09} ]
- tan® = 0.56
L /7 —
0.8 ; P 004 ]
0.7 1 ,’ ]
I
0.6 il |
I
ost) .. SRR
0.4 o l ’l‘— g - =~ |
/
03N ,, V4 Cis=15 i
i /
0.2 | 1/ / -Cts =10 . -
/
0.1 -",/ / : Cts= 7 . i
0 - . . . .
0 - 0.1 0.2 0.3 04 0.5 0.6

slip

Fig. 2: - The effect of the soil - wheel factor con the traction performance
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TE, P/IW
1 Ll L L) Ll T
091 J
Cts= 10
08F f =0.04

- tan® = 0.62

- tan®d = 0.56
- tan® = 0.50

0 i A i " A
0 0.1 0.2 03 0.4 0.5 0.6

slip

Fig. 3: - The effect of the soil internal friction tan® on the Atraction performance
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Fig. 4: - The effect of the coefficient of rolling resistance f on the traction performance
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For the proposed model and low enough critical slip, using Equation 25, the tractive
efficiency may be developed to the following form:

TE=|1- f (1-5) ' (29)

tan®| 1 - tan®
28Cyg

This Equation, like the tractive efficiency of the softer soil condition, has a maximum value,
This point can be selected as optimal when considering the power efficiency of the wheel.

Slip and efficiency values at this point are a function of the following variables: the
coefficient of rolling resistance f, the soil - wheel factor ¢ and the soil internal friction tan ®
variables.

The results of the parametric analysis of the model, computed with the objective of evaluating
the effect of the three major variables, are presented in Figs 2, 3 and 4. The Figures show the
coefficient of traction and tractive efficiency as a function of the wheel slip. '
The central graph in each figure was calculated for the following values, based on the field
experimental results: £=0.04, tan®=0.56, c,,=10. The other graphs describe the effect of

changing one variable in each figure.

EXPERIMENTAL SET-UP
Field experiments were carried out with two main objectives:

a. To confirm the tire - hard soil prediction model.
b. Togeneratea supporting quantitative database.

In order to reach these objectives, the experiment methodology was to characterize the tire
performance as a function of tire variations; inflation pressure and hard surface conditions.
This was done by testing and analyzing:

Coefficient of rolling resistance.

~ Coefficient of traction as a function of the wheel slip.
Tractive efficiency, as a function of the wheel slip also.
Tire characteristics by supplementary experiments. These include finding the effect of
the normal load on the tire - surface contact area and the tire rolling radius as well as
defining the tire k, constant from solid surface experiments.

0 o®

The field experiments were conducted in three sites: .

a. A solid concrete testing road.
b. Field A: clay soil, wheat stubble, dense and dry- surface, bulk dens1ty (dry basis) for

depth of 0 - 200 mm was 1.31 t/ m3, moisture content for the same depth range was 3
%, soil cohesion - almost negligible, tan ® = 0.47 for disturbed and tan ® = 0.70 for
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non- disturbed zones (from in-situ shear tests), average of 15 hammer drops (of 3 kgm
each) for 150 mm penetration of drop hammer penetrometer.

c. Field B: clay soil, following irrigated industrial tomatoes, dense and dry surface, bulk
density (dry basis) for depth of 0 - 200 mm was 1.23t/ m3, moisture content for depth
of 0 - 100 mm was 12 % and for 100 - 200 mm - 19 %, soil cohesion - almost negligible,
tan® = 0.52 for disturbed and tan ® = 0.66 for non-disturbed zones (from in-situ shear
tests), average penetration stress of 18 bar to reach depth of 270 mm with a conventional
cone penetrometer.

The six tested tires were of the same model, same make (Aliance, IL), same llig type (R1, T-
324 model), both bias-ply and radial-ply types and of a variety of sizes:

16.9-34 /8, 16.9-30/8, 12.4-36/6, 12.4-28/6, 16.9R34 / 8 and 16.9R30/ 8.

All the tires were inflated to four inflation pressure levels: 0.8, 1.0, 1.3 and 1.7 bar.

The experiments were conducted in a single constant travel speed, 0.7 m / s.

A special single wheel traction tester, shown in Fig. 5, was used in the field experiments. The
tester is built to apply vertical load, drawbar pull, input torque and controlled speed and slip.
All the parameters are measured simultaneously.

EXPERIMENT RESULTS AND DISCUSSION

The soil in both fields B and C was hard enough, when the tires were tested, and the lugs did
not sink to their full height as can be seen in Fig. 6. This may explain the minor, non
significant difference in the tire rolling resistances: :

- On the concrete road - 0.032
- On field A - 0.037
- On field B - 0.043

The P/ W ratio is asymptotic to its ultimate value in hard soil conditions - 0.52. :
The optimum slip for maximal tractive efficiency is between 5 to 10 %, for all the tires in

these soils.
When the slip is low, the tire performance improves with the increase of the wheel factor c,.

This explains the advantage of the radial tires in this range. The longitudinal flexibility k, of
the radial tires was found to be higher (from the concrete road experiments):

For 16.9R34 and 16.9R30 tires - k,=274MPa/m
For ~ 16.9-34 and 16.9-30 tires - k, =20.0MPa/m
For 124-36and 12.4-28tires - k,=147MPa/m

The inflation pressure did not show any significant effect on the tire performance (as shown in
Fig. 7). The change of the length of the contact area. 1t is probably compensated by the change
of the longitudinal flexibility k. As a result, the wheel factor ¢, is not affected.
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The normal load in the range of the tests did not show any significant effect on the coefficiciit
of traction (as shown in Fig. 8).

No significant difference in the tire performance (TE and P / W) could be found in the high
slip range, above 20 %. An example is presented in Fig. 9. According to the proposed model,
the dominant factor affecting on the tire performance, in the high slip range, is tan® which is
a soil and not the tire characteristic.

When comparing the predicted tractive efficiency to the actual one (as presented in Figs 10
and 11) a very good correlation can be seen around the TEmax area. The actual efficiency
decreases at a steeper slope comparing to the predicted one. The reason may be a higher
rolling resistance when a driving torque is applied.

CONCLUSIONS

The developed prediction model of agricultural tire traction performances successfully covers
the area of tire's operating under hard soil surface condition. :
The presented tire-hard soil interaction model, based on analysis of the tractive stresses along
the tire-soil contact area, as well as on the Julien's model, enabled prediction of tire motion
resistance, coefficient of traction and tire tractive efficiency as a function of slip.

In order to confirm tire-hard soil surface prediction model, as well as to generate a supporting
quantitative database, field experiments were carried out on a rigid concrete testing road and
two types of compacted and dried clay soils, including six different agricultural tires and three
different inflation pressures.

Reasonable correlation can be found comparing the predicted traction efficiency to the
measured ones, around the maximum traction efficiency (TEmax) value. In addition, the
actual efficiencies are some what lower compared to the predicted ones. A good prediction are
obtained for coefficients of traction.

Based on analysis of predicted and measured tire traction parameters may be concluded that
developed tire-hard soil traction model can be successfully applied for prediction of
agricultural tire traction parameters on the hard soils. '

Fig. 5: - The single wheel traction tester
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NOTATION
Ag,A,  names of rim elements
Bp.B; names of tire elements
at the lug tip
B¢ location of B, if no torque
or load are applied
Co.C; names of soil elements
in the contact area
Dy.D; soil elements in the non I
disturbed layer
b equivalent lug width
b, contact width
c cohesion
Cy wheel factor
Cys soil - wheel factor
d unloaded tire diameter
d, rim diameter
dx,dy elementary contact area
e longitudinal tire lug
deflection, at the tip
f coefficient of rolling resistance v,
q; advance angle of the wheel
f soil angle of internal friction W
F equivalent angle of friction
H wheel tractive force
H, tractive force in the
adhesion region
H, tractive force in the
sliding region
j soil shear displacement
Je ‘critical soil shear
displacement
kg . soil stress - strain ratio constant
k, tire stress - longitudinal
deflection constant
ks tire - soil constant
I critical length of contact area
I, length of contact area

m coefficient of traction

m¢  dynamic coefficient of
fraction

n the ratio between the lug contact
area and the total contact area

p average lug contact ground pressure

P drawbar pull
wheel rolling radius

R wheel rolling resistance
s drive wheel slip

S¢ critical drive wheel slip
t time

TE tractive efficiency

T shear stress

Tf frictional stress

1, maximum tangential stress
at the contact area

Tp residual shear stress

Va ground speed

theoretical wheel speed

w angular velocity of the wheel

dynamic load on the wheel

X distance from the front of
the contact element
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V.1.2.  THE EFFECT OF DYNAMICALLY VARYING VELOCITY ON WHEEL
TRACTION.

This paper constitutes the main effort in developing a predictive model that will diverge
from the currently available models in treating wheeled vehicles movement across highly
variable soft and yielding soil surfaces where soil sinkage varies greatly, causing
appreciable changes in the vehicle’s speed and the traction it generates. A numerical model
was developed which is based on numerical solutions of motion traction relations using
instantaneous equilbria between wheel and soil elements. The soil-wheel elements are
presented as deformation-force equations which account for the deformation rate.
Calculations results obtained and comparisons made, point out, that velocity variations
effects on wheel traction performance cannot be ignored.

THE EFFECT OF VELOCITY ON WHEEL PERFORMANCE

by
I. Shmulevich, U.Mussel, D.Wolf
Technion, Israel Institute if Technology, Haifa, Israel

1. Introduction

Throughout the years many models were developed to predict soil-wheel interaction for
studying wheel performances at steady state condition. The existing models are limited and
cannot predict well the variation in velocity and its influence on wheel performances.
Motivation for this work came from difficulties in the previous studies of off-road tractor
control according to existing soil-wheel interaction models which were reviewed by
Upadhyaya and Wulfsohn (1990). '

The most important information needed to predict soil-wheel performances is based on a
knowledge of the distribution of stress at the interface. A study was carricd out by Onafeko
and Reece (1967) to measure the stress distribution under a rigid wheel. Wood and Burt
(1987) reviewed and measured stress distribution under flexible tires. Wong and
Reece(1967a,b) developed models to predict rigid wheel performances, verifying their
findings using Onafeko's data. Many researchers used the experimental stress distribution
reported by Krick (1969) for flexible tires. The reported investigations show the influcnce of
drawbar pull, dynamic load variation; sizes of tires and soil conditions on stress distribution.
In all these studies, velocity was not reported and its effect on stress distribution at the soil-
wheel interface was neglected.

The velocity effects on soil-wheel interaction have received relatively little attention. The
existing prediction models neglect the velocity, assuming that its influence on wheel
performances is smail. However, Pope (1971) studied the effect of velocity on the rolling
resistance of a rigid wheel. A decrease of 9.3% in rolling resistance was reported for an
increase of velocities from 0.01 to 0.076 m/s. Grahn (1990) investigated the influence of
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velocity on sinkage and rolling resistance. He showed similar results of decrease in rolling
resistance and sinkage, as velocity was increased from 0-4.6 m/s on sandy loam. Burt and
Lyne (1985) addressed the issues of travel reduction and dynamic load which have significant
effect on wheel performance and have not been carefully controlled during velocity
investigations. Their results from a controlled tests showed that no effect of velocity on the
net traction and tractive efficiency occurred within the velocity range of 0.1 to 0.6 m/s for
flexible tires acting on two types of soil at constant travel reduction and wheel load. Gee-
Clough et al. quoted by Burt and Lyne (1985) showed by practical field experiments that for
velocities of 0.9 and 1.8 m/s the coefficient of traction at a 20% travel reduction was
significantly higher at a higher velocity. Different testing techniques affect experimental
results of wheel performances versus slip, as demonstrated by Upadhyaya et al.(1988). One
source of variability in traction data is the necessity to keep constant velocity while changing
wheel slip. While investigating the velocity effects there may be no significant difference
between wheel performances at a range of constant slip. For flexible tires acting on the road
Laib (1979) reported that increasing velocity from 3 to 5 m/s significantly decreased the
coefficients of damping and spring. Similar results were reported by Kutzbach and Schrogl
(1985) for velocities of 0 to 4 m/s.

The effect of penetration velocity to pridict soil properties has been investigated by several
studies. Results are contradictory and brought in detail by Mussel et al. (1992). However, the
effect of shear rate on soil strength is clearer. Most of the studies showed that an increase in
shear rate caused an increase in shear strength. '

In an effort to suggest a better and more accurate method to predict soil-wheel interaction
performances, a simulation model of soil-wheel interaction was developed, which simulates
wheel performances subjected to variations in velocity, soil and wheel conditions.The
simulation would provide a theoretical prediction to soil-wheel interaction studies.

2. Objectives

The goal of this research was to develop a new soil-wheel interaction model in order to

investigate the effect of varying velocity on wheel traction.

The specific objectives of the research were: _

o Formulation of a simulation soil-wheel interaction model based on the soil, whee
properties, interface behavior and their dependence on time and velocity.

o Verification of the simulation model to reported experimental data from a rigid wheel.

o Evaluation of the effect of forward velocity on the distribution of the stresses at the soil-
wheel interface.

o Evaluation of the effect of forward velocity on wheel performances.

3. Soil-Wheel Interaction M_odel

The mathematical modeling of the wheel is based on general formulation of time-dependent
wheel-soil interaction system. Wheel performances are calculated using the Newton-Euler
equations of motion. In each time interval, dimensions of contact surface and stress
distribution are obtained due to an instantaneous equilibrium between wheel element and soil
which are in contact. Knowing the stress distribution in the contact surface, wheel
acceleration, velocity and position can be determined as a function of the external forces and
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moments acting on the wheel and the initial conditions of the wheel. The general formulation
of equations used is given in detail in Mussel et al. (1992). The numerical solution of the
equations has been achieved using the finite differences formulation. Wheel velocity and
position were calculated in time steps, using the value of wheel acceleration in the same time
step and value known from previous steps. The numerical formulation used was the known
one-step algorithm for the semidiscrete equation of motion called the Family Newmark
Method cited by Hughes (1987).

The calculation of stress distribution at the interface was performed in the presented study
using instantaneous equilibrium between the external forces exerted by the soil and the
internal forces in the wheel. Both types of forces are inflated by the deformations and
deformation rates in the soil and the wheel, in addition to a geometric relationship existing
between the wheel deformation and the deformation in the soil. The relationship between the
deformations and stresses in each wheel element is based on existing models in the literature,
which present the wheel, soil and the interface between them. The simulation model is very
flexible to changes and could be modified using newer sub-models. In general the simulation
needs 8 equations to solve the 4 deflections and forces both in normal and tangential
directions in the soil and wheel.

An example of possible equations which expresses the normal and tangential forces acting on
the wheel element and related to wheel and soil properties are given in Mussel et al (1992).
The predicted stress distribution was inserted in the general calculation to obtain wheel
performances.

The simulation model calculates the following wheel performances as dependent on slip or
wheel velocity and according to initial conditions:

DPC or Fx/W= net tractive ratio,

GTC or Q/(R W) = gross tractive ratio,

zo / R = dimensionless wheel sinkage,

Fx/W = free rolling force ratio at zero torque (towed wheel) and
TE = tractive efficiency.

The tractive efficiency is calculated according to ASAE Standard:ASAE S296.3 (1991):

TE = F,v/ Qu, where the slip is calculated according to: s =1- v/ (wr) The algorithm of
the calculation procedure and the described equations with the proper boundary and initial
conditions are presented in the soil-wheel interaction model.

4.Method
4.1 Ilustration of a Simulated Soil/Wheel Model

A computer program to simulate the soil-wheel interaction model was built according to the
described equations and the flowcharts (see Mussel et al (1992)). The program used
MatlabTM(1990) Language. The first part was dedicated to examine the effect of wheel
element size on the accuracy and conversion of the solution. It was found that for a 1.25 m
wheel diameter it would be appropriate to divide the wheel into 128 elements. For the
influence of time interval, conversion criteria were examined first using a rigid wheel. In
general the simulation model can be operated in several modes. One mode can choose the
~ external forces (Fx, W) and wheel angular velocity (») as known inputs, assuming that the
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wheel has unlimited torque, and the simulation program will run to get conversion: For these
conditions the wheel performances are calculated including the wheel slip. Another mode can
choose external forces (Fx, W) and wheel torque (Q) as known inputs, assuming that the
wheel angular velocity (o) is unlimited, and the simulation program will run to get
conversion. At the conversion stage the slip and wheel performances are calculated. The effect
of velocity on wheel performances for a rigid wheel was then investigated. In the second stage

simulation results of a flexible tire are demonstrated.

5. Results and Discussion

5.1 Model Verification

m the soil-wheel interaction model verified qualitatively and
quantitatively with experimental data and with other prediction models reported in the
literature for a rigid wheel. This comparison was made in order to examine firstly the
correction of the simulation algorithm. A rigid wheel was chosen as a private solution where
the geometry of the contact surface is known and for which the dynamic properties of the
wheel are not taken into account. The height of the wheels axis from soil level was calculated
by iterative calculation to achieve an equilibrium condition in the vertical direction. For these
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Fig. 1 Comparison of measured (Onafeko & Reece 1967) and predicted pérforman’ces. by
Wong and Reece (1967 a,b) and the suggested model, as affected by slip, for rigid driven

wheel on compact sand and relative velocity V/ur=3

equilibrium conditions: tractive ratio - net (Fx/W), traction ratio - gross Q/(Rw).
dimensionless wheel sinkage (z/R) and tractive efficiency (TE) values were determined.An
example of wheel performances versus slip predicted from the simulation model for the
following parameters are given in Fig. 1. Zero slip is specified according to - Zero conditions
-ASAE S296.3 standard, where the zero slip accords on a rigid surface with zero drawbar pull.
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The comparison results demonstrated the simulation prediction versus experimental data from
Onafeko and Reece (1967) and predicted solution according to Wong and Reece(1967a,b)
models for a driven and a towed rigid wheel. It can be seen that the simulation results are
close to the experimental data and better than the predicted value according to Wong's model,
especially around the zero slip whereas Wong's model has discontinuity.

5.2 Effect of Velocity on Wheel Performances

5.2.1 Rigid Wheel

The effect of velocity was cxamined by increasing by ten times the dimensionless vclocity
value (v/us = 30). It can be scen in Figure 2 that as the velocity increased, the contact angular
zone decreased and the maximum normal and tangential stresses significantly increased.
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Fig. 2 - Predicted distributions of dimensionless normal(s*) and tangential (t*) stresses vs. .
angular posmon- q (a) for a 49.4X6 in. rigid driven wheel with an axle load 2,000 Ib on
compacted soil; (b) for a 49.4X12 in. rigid driven wheel with axle load 2,000 Ib on loose sand; -
both for dimensionless velocity v/uo =30 and at 22% slip

Three configurations of soil-rigid wheel conditions were predicted by the simulation model:
 first, 49.4X6 in. wheel on compacted soil, second, on loose sand (soil parameters as reported
by Wong and Reece, 1967a,b) and last 49.4X12 in.wheel on loose sand where the vertical
axial load kept constant 2,000 1b. Simulation results for investigating the effect of velocity on
the towed wheel performances are presented. Free rolling wheel force ratio -Fx/W both at zero
~ torque versus dimensionless velocity v/u0 are demonstrated in Fig.3. This agrees with results
reported by Grahn (1990), and corroborates the fact that the velocity has a significant cffect
on wheel sinkage and free rolling forces. Increasing the velocity will reduce wheel sinkage
and free rolling forces.

Simulation results for investigating the effect of velocity on the performances of driven wheel
are presented. Maximum net tractive ratio Fx/W and net tractive ratio Fx/W at 20% slip, both
versus dimensionless velocity v/u0, are demonstrated in Fig. 4 and 5, respectively. The
maximum net tractive ratio significantly increased as dimensionless velocity v/uQ decreased
for all the three soil-wheel configurations. The increase in the compacted soil is more
moderate compared to the increase in the loose sand. This phenomenon looks clearer in the
maximum net tractive ratio presented in Fig.4, than in simulation results of net tractive ratio at
constant slip presented in Fig. 5. Comparicon between Fig.4 and 5 shows that for different
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velocities the maximum wheel performances do not necessarily accord for the sarmie range of
slips. These results agree to some extend with the remarkes and findings reported by Burt and
Lyne (1985). As expected, the net tractive ratio is higher on compacted soil compared to the

net tractive ratio on loose sand.
The tractive efficiency, demonstrated in Fig. 6 significantly increased as dimensionless -

velocity v/uo decreased for all the three soil-wheel configurations.
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Fig. 3 Motion Resistance Ratio, at zero torque, as a function of relative velocity (V/ug)
for rigid towed wheel. For 6" wide wheel on compact and loose sand, and 12”

wide wheel on loose sand
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5.2.2 Flexible Tire

Several soil-flexible wheel conditions were predicted by the simulation model,. Net tractive
ratio vs. slip for 16.9-30 tire on compacted soil and on Sandy loam (soil parameters as
reported by Mussel 1993) for 4 different velocities are given in Fig. 7. Special experimental
setup was built for measuring the radial damping and spring properties of a commercial
agricultural tire of the same dimensions and inflation pressure

The simulation results demonstrated the effect of velocity on driven flexible tire and
corroborates the fact that the velocity has a significant effect on wheel performences.
Increasing the velocity will reduce wheel sinkage and free rolling forces and increase the net

tractive ratio for a given slip.
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6. Conclusions
The following conclusions were drawn from this study:

1. The simulation study correlated well with experimental results reported by Onafeko and
Reece (1967), and the predicted theoretical model suggested by Wong and Reece(1967a,b)

_ for a rigid wheel.
2. The stress distribution under rigid wheel is effected by velocity. When increasing wheel

velocity the maximum normal and tangential stresses increased and the front entry contact

angle decreased.
3. The simulation results from several soil-wheel configurations corroborate that the effect

of velocity cannot be neglected.
o Wheel performances such as net tractive ratio and tractive efficiency increase

with increasing dimensionless velocity.
o Wheel sinkage and free rolling wheel force ratio, both at zero torque (towed

wheel), showed significant decrease as dimensionless velocity increased.
4. Experimental work is needed to verify the theoretical simulation findings.
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RELEVANT SOIL PARAMETERS '
The followmg pre- prmts and amcle drafts des crrbe the general effort made to address the
2nd. major objective and the secondary objectives no. 1 to 4. The most difficult part was
the design, construction and building-up the field wheel tester [1]. It required great
engincering efforts and took too long a duration to make it ready to work (about two and a
half ycars). Due the delay in getting this tester work on, previously obtained and collected
data on tire footprints-soil properties-tire operation was carried-out [2].

V.2.1. A NEW FIELD SINGLE WHEEL TESTER
A field single wheel tester was designed, capable of performing off-road traction and
determination of soil properties in situ. It is based on a heavy wheeled tractor on which a

heavy duty bevameter and grouse-torque-meter are mounted and a wheel cage where
vertical , horizontal and side forces can be measured.

A NEW FIELD SINGLE WHEEL TESTER

Ronai D., Shmulevich I., Wolf D.
" Technion, Faculty of Agricultural Engineering, 32000 Haifa, Israel

Abstract

" A field single wheel testing device (TWT) developed at the Department of Agriculnural’

Engineering, Technion, Haifa, is a mobile testing unit capable to perform traction tests of
agricultural or cross country tires in the field. The tire tester is based on heavy wheeled
tractor which carries as well a unique bevameter mounted on the front side. The vertical,
horizontal and side forces are measured inside the main cage, while the torque is measured
by the separate linkage system. The tire testing device is capable to test tires up to 2 m in
diameter, to apply vertical force up to 50 kN, and torque up to 31 kNm.

1. Introduction

Currently, 15 to 20 million agricultural tractors are active in the USA and Europe only
(McKee,1992 [5]), and the loss of fuel caused by inadequate choice of agricultural tires in
the USA alone costs the country 575 million liter of fuel per year (Gill and Vanden Berg,
1968 {4]). Thus, lack of an adequate tires choice recommendations necessitated the buildup
of tiie testing devices that could ultimatcly contributc to encrgy saving. Excessive soil
compaction caused by tire action was also one of the leading reasons for developmem "
control and adequate choice of agricultural tires. Reported crop yield reductions caused by
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the increase of soil bulk density, which influences root growing, soil aeration and water
movement ranged between 10% and 20% depending on soil type and technology applied.
Better choice of tractor tires, beside other influences, can greatly improve the present
situation. Tire design is almost entirely determined by experimental methods, so, more than
90 testing facilities have been developed worldwide. Most of them (80%) are an indoor soil
bin devices (Wismer, 1984 [7] ).

Fig. 1. The Technion mobile soil and tirc testing device

Indoor soil bin facilities can provide well controlled testing conditions but, it requires the
remolding of the soil mass after each test run, thus it generates certain problems related to
natural soil conditions. Instrumented tractors are often used for tire traction tests, but
control of dynamic vertical load has certain influence on the test results and is very difficult
during test run. Some single wheel testers have been developed mostly by government
agencies in the USA and other countries (e.g. single wheel testing devices developed at the
National Soil Dynamic Laboratory (NSDL, Auburn, USA), Silsoe Institute, England, and
University of California, Davis, are typical of actual tire testing devices).

Table 1: Basic performances of build wheel testers

NSDL NIAE DAVIS, CA

Tire range from 12.4-28 from 11.2 - 28 from 0.46 mto 2 m
to 30.5-32 to 18.4 - 38 diameter

Vertical load up to 71.2 kN Dead weight up to 26.7 kN
Draft force up to 44.5 kN up to 25 kN up to 13.2 kN
Draft control Yes Yes Yes
Slip control Yes Yes Yes
Load control Yes Dead weight Yes
Test distance 80 m Infinite 122m
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Fig. 2: Closer view of tire testing device
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The NSDL single wheel tester (Burt, at al. 1980, [3]) was developed as an indoor and .
outdoor soil bin device capable of performing either variable travel reduction tests (while
keeping the dynamic load constant) or variable dynamic load tests, (while maintaining travel

" reduction constant). Each major function, such as vertical load, angular velocity of tested -

tires and car's forward velocity, has its own control system. Some performances of NSDL

" wheel tester are given in Table 1. The NSDL unit is able to perform all necessary tire tests -

with very high level of control, but is limited to work in soil bin facilities, i.e., under "

" remolded soil conditions.
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= . Fig. 3: Schematic view of the TWT . A

" The NIAE Mk-2 single wheel tester (Billington, 1973, [1]) allows tests to be carried out = .
~either at constant forward speed or constant test wheel speed under field conditions. The
" unit is based on FC 1004 tractor and designed to cover a wide range of agricultural tires

" (Table 1). The tester gives continuous readings of the forward wheel's speed, tractive force '

L

e

S e

#

* and torque. The vertical load on NIAE Mk II wheel tester can be varied by adding weights |
“to the rack fitted on the top of the test wheel carriage, which excludes possibilities to

perform experiments with continuously varied dynamic load.

" The single wheel tester developed at the University of California, Davis (Upadhyaya et al,

1986, [6]), is essentially a mobile soil bin unit that can be used to perform controlled field

experiments (Table 1). The Davis, CA field single wheel tester is a certain combination of
both, soil bin and field testing devices. It means that its operation is performed in the field
but the length of test run is limited.

The Technion's tire tester allows free movement over the field and tire tests with
continuously varying vertical load and slip, as well. In addition, it is able to measure and
process all the requested traction data in real time. The same basic tractor carries the soil
penetration and shear device on the front side, as shown in Fig. 1, thus allowing collection

of all necessary data for tire traction analysis in the field. The closer view of tire testing -
device is given on Fig. 2. : - i‘_’

H
HI
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The Technion's field smgle wheel tester (TWT) shown schematlcally in F1g 3, is bullt
around a M.R.S tractor, Model I-110. The weight of 17 tons of the basic unit allows testing
of a full range of agricultural tires specified in the ASAE Standard S220.4 (SAE J711).

That means that TWT is able to test tires up to 2 meters in diameter as well as to apply the
recommended vertical loads.

The TWT consists of two frames for force and torque measurements, a hydraulic motor, a
loading cylinder, measuring devices, sliding connection frame and tractor connection frame,

shown in Fig. 3.

Fig. 4: Location of the hydraulic motor

The drawing unit consists of a low-speed hydraulic motor located inside of the measuring

frame (Fig. 4), produced by Hagglunds, type 4071, with a maximum RPM of 38 (which,
with two speed valves, increases up to 65). The maximum torque per 100 kPa is 140 Nm
and maximum peak pressure is 20 MPa that gives about 28 KNm torque.

The Hagglunds 4071 is able to perform constant torque for a given pressure throughout the

* speed range and full starting torque. Also, it permits low RPM without loss of smooth

running, two speed ranges with the same oil supply, and instant reversing. The hydraulic
motor and power shaft are connected to the force measuring frame, via load cell assemblies
(Fig. 5).

The hydraulic motor is supported by a separate frame (upper part of the motor supporting

~ frame is given on Fig. 6). The object of dividing the mainframe in two parts is to exclude

the influence of the developed torque and related circumferential forces, from the measuring
units for dynamic load and draft force. A finite element model of the device helped to
exclude undesirable influences of torque on force measurement and prevent the
interdependence between horizontal and vertical force measurements.



b

A

43

e - ———— Sr————— s ————

Fig.5: Detail of load cell assembly

v

Fig. 6. Detail of the motor supporting frame
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prevent rotation of the stator part of the hydraulic motor. To calculate developed torque the
force can be measured in one of the linkages by the HBM USB 5K load cell assembly. All
the torque frame linkages are mutually connected by pin joints, and the whole torque frame
is directly supported by the basic tractor.

The force measuring frame is connected to the sliding frame which allows for free
movement along the vertical axies. This important possibility prevents both weight transfer
from basic tractor to the mcasuring units and existence of vertical component of draft force
that can affect the vertical load measurement reliability. The sliding frame is connected to
the basic tractor body by a separate construction which supports the vertical hydro-cylinder
which applies vertical load.

The range of vertical load is O to 50 kN with the possibility of continuous variation during
the test. In addition, the conceptual solution of the testing device allows for easy changing
of tested wheels.

The basic scheme of TWT hydraulic system is given on Fig. 7. The hydraulic system is
divided in two separate parts with respect to power supply. The first part with hydraulic
motor is fed by an additional engine and a pump mounted on the rear tractor side (Fig. 8).

‘The system includes fine regulation of oil flow using adequate control chart, thus allowing

regulation of RPM of tested wheel. The second part of the hydraulic system is supplied by a
built-in tractor oil pump. This system serves as a power source for vertical loading of the

tested wheel (Fig. 9). The system controls the oil pressure in the vertical cylinder, and acts’

as compensation of the field roughness influence on the applied load.

=
WO

Fig. 7. Basic hydraulic system of the TWT

~ The torque frame, formed as a parallel linkage mechanism, is able t6 move vertically and —
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Fig.8: Detail of additional engine and a pump mounted on the rear tractor side )
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Fig. 9: Wheel loading assembly
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Fig. 10. Schematic view of measuring positionsv on the TWT

Vertical load is measured by means of two load cells (HBM USB 10K and HBM USB 5K)
which are connected between the force measuring frame and power assembly by the
universal joints and length adjusters. Likewise, two horizontally positioned load cells are
mounted (Fig. 10).

Fig. 11: Forward tractor speed (left) and wheel RPM (right) measuring assemblies
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Tn addition, the side force is supported by two universal rod ends, which are located
between the hydraulic motor and the force measuring frame. B ,
~Besides the measuring_of horjzontal and vertical forces, the testing device is instrumented to
give continual readmgs of both forward tractor speed ‘and angular velocify of the tésted™
wheel (Fig.11). In addition, developed torque is measured by measuring of force in one of
the moment frame linkages and accompanied angle between the linkage and the horizontal
axle. All collected signals for forces and speeds are analog to digital, converted and
processed by a PC located on the basic tractor (Fig. 12). Overall scheme of data acquisition
system is given on Fig. 13.

o ko,

Rl - W e ——

. Fig. 12: Data acquisition system located on the basic tractor
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Fig. 13. Scheme of the measuring, conditioning and data processing system of the TWT

‘3. Testing capabilities

The TWT is designed to perform all requested tests related to complete characterization of
traction characteristics of agricultural and cross-country tires, namely, to perform all three
possible tire rolling conditions, such as: towed mode, self-propelled mode and driving
mode, which are necessary for defining all traction characteristics including definition of
optimal slip value, where developed draft force is maximal. Also, basic tire data, such as
dynamic rolling radius, can be defined either from towed or self-propelled testing modes.

To measure dependencies of either the developed draft force or torque of the tested tire on
tire slip, thus enabling us to understand the tire traction capabilities for certain test
conditions, as shown in Fig 14. (Brixius and Wismer, 1978, [2]).

As a result of tire traction tests which TWT is able to produce are relations of coefficient of
traction (k) versus slip (Eq. 1) and tractive efficiency (TE) versus slip (Eq. 2) for defined
test conditions, as shown in Fig 15,
Coefficient of traction: k= P/'W ...(D
_ Traction efficiency: TE=PVt/Qo ...(2)

where (0) is angular wheel speed.
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Fig. 14: Pull-Torque-Slip relation; Wheels on soil [2]. (W-Load, Q-Torque, R-Motion
Resistance, S-Slip, Va-Wheel speed, Vt-Travel speed, P-Pull, TF-Towed force) /2/

/

The TWT allows to perform tire tests in slip and vertical load mode, which means that the
device is able to control input torque, vertical load and wheel speed.
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Fig. 15: Typical results of tire traction test

Generally, the flow chart of the TWT performance capabilities in tire tests, is shown in Fig.
16. The first is related to definition of tested tire's dynamic rolling radius which is
necessary for further calculation of traction values. This type of test is performed on the
rigid surface and can be done either in the towed or self-propelled tire mode. The TWT
allows for both mentioned procedures. The constant load test includes control of constant
forward speed of vehicle and constant level of vertical load. The torque increases during the
test generating an increase of tire slip and draft force. '
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4. Conclusion

The TWT is a unique testing unit allowing to test a wide range of agricultural tires in
accordance with ASAE S220.4 standard.

The TWT performs tests with variable draft force, vertical load and travel reduction in the
range recommended in the Standard..

The main advantage of the designed solution is a very close measurement of draft force and
dynamic load on the tested wheel, as well as separate measurement of

Mounting and adjusting
of tested wheel
1
Set-up of data acquisition
and hydraulic system
|

[ Positioning of Tester |

Rolling Variable slip Variable load
radius test test test
T 1 |
Concrete rField conditions ] I Field conditions
surface 1 . T
I Constant Constant
Constant forward speed forward speed
forward speed T T
I - | Initial conditions Initial conditions
|Initial Conditions: Zero slip Certain slip level
~Zero torque I 1
Constant Load Increase Load
I of the wheel RPM Increase
| Measurements: | [ 1
Wheel RPM Measurements
Forward speed Wheel RPM Wheel RPM
Test Distance Forward speed Forward speed
1 Forces Forces
Calculation Torque Torque
Rolling radius I ]
Calculation of Calculation of
traction parameters traction parameters

Fig. 16. Testing possibilities of the TWT

applied torque. At the same time, easy manipulation with tested wheel in the field is fuliy
accomplished by the use of semi driven axle.

5. Acknowledgment
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Soil and Loading Conditions. '



51

6. References

1)
2)
3)
4)
5)

6)

7)

Billington P. W ,The NIAE Mk II single wheel tester, J. Agricultural Engineering
Research, 1973, No.(18), pp 67-70;

Brixius W.W., Wismer R.D., The role of slip in traction, ASAE Paper No 78-1538,
1978;

Burt E. C, Reaves C. A, Bailey A. C, Pickering W. D,. A4 Machine for testing tractor
tires in soil bins, Transaction of the ASAE, 1980, Vol. 23(3), pp 546-547;

Gill W. R, Vanden Berg G. E, Soil Dynamics in Tillage and traction, Agricultural
Handbook No. 316, ARA, USDA, 1968, p 511; .
McKee A., The role of the conventional tractor, Presented at the Institution's Scottish
Branch Conference "Tractors for Tomorrow", Edinburgh, 1992;

Upadhyaya S. K., Mehkschau J., Wulfson D., Glancey J. L., Development of a
unique, mobile, single wheel traction testing device, Transaction of the ASAE, 1986,
Vol. 29 (5), pp 1243-1246; :

Wismer R. D, Soil bin facilities: Characteristics and utilization, Proc. of the First Int.
Conference of ISTVS, 1984, Vol. III, pp 1201-1213;

Vv.2.2. TIRE FOOTPRINT CHARACTERISTICS AS A FUNCTION OF SOIL

PROPERTIES AND TIRE OPERATION. -

Results collected previously for two soils and two different transport tires operated under
various tire loads, inflation pressures, and soil moisture contents were analyzed. It was
found that tire footprints(e.g. contact area, length, width, sinkage)can be reliably

predicted from established linear, multi-variety regression.



TIRE FOOTPRINT CHARACTERISTICS AS A FUNCTION OF SOIL
' PROPERTIES AND TIRE OPERATIONS

Ronai D*., Shmulevich I.*

Summary -The main objective of the following presentation is to examine the possibility of
predicting agricultural tire footprint parameters under different operational conditions.

The experimental part involved two agricultural transport tires operated on two soils, under
variations of tire load inflation pressures and soil moisture contents.

Results obtained show that tire footprint parameters, named contact area, length, width and
sinkage, can be reliably predicted by using multifactorial linear and total regressions, within
the range of recommended tire loads, inflation pressures and soil moisture. contents' around

the plastic limit.

INTRODUCTION

Compaction of agricultural soils is mainly caused by field traffic. Field traffic includes
operations such as basic tillage, secondary cultivation, spraying and harvesting, as well as
traffic of transport equipment. Transport equipment activity over the field often causes
greater soil damage than machinery for basic tillage. The reason is that axle loads of
transportation equipment are usually very high while tires and their inflation pressures are
often inadequately chosen to prevent soil compaction. In addition, the traffic paths of
transportation vehicles over the field are more or less random and the field compacted area
. is usually very large after harvesting. Therefore, there is a need, to examine properly the
influence of transportation activities and the activities of basic agricultural machinery on
soil compaction phenomena, in order to predict seasonal soil compaction. Since compaction
results from contact pressure or stresses, it is of great interest to examine the possibilities
for prediction of geometrical parameters of tire-soil contact area of agricultural transport
tires as a part of soil compaction phenomena. The mentioned relations can then be used as
one of the inputs into more complex tire-soil system models.

The shape and dimensions of tire footprint area are very important soil-tire interactive
characteristics which affect the pressure distribution at the boundary level, as well as the
stress-strain relation deeper at the soil mass, and can be very helpful as an input data for a
more complex tire-soil compaction model.

In order to analyze and predict soil compaction in the sub soil, the tire-soil system can be
divided three following subsystems which require specific analyses, such as:

o Analysis of tire-soil contact area;

o Analysis of applied forces and their distribution over the contact area;

o Analysis of stress-strain distribution in soil mass under moving tires includes relations
between stresses imposed and the relevant resultant compaction indices, such as, for
example, tire sinkage and soil density.

The tire-soil interactive characteristics were explored and studied, but have not yet have

been entirely understood and described. Studies by Sohne [1] showed the effects of tire

footprint area shape on pressure distribution on hard and soft surfaces, for different tire
characteristics, inflation pressures and vertical loads. It was one of the first researches
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which introduced the tire footprint area as an important part of tire-soil modeling. Ageikin
/2/ attempted to give an analytical description of tire footprint area. The area was described
as a combination of two ellipses, and since tire and soil elastic parameters were taken into
account, fairly useful results were obtained.

Various models have been developed to describe tire contact area on rigid surface for
certain tire characteristics such as carcass stiffness and inflation pressure (Karafiath, [3]).
Komandy [4] developed empirical equations for tire loading capacity, footprint parameters
and tire deflection. In addition, the highest permissible load as a function of tire geometry
and construction was defined in his work. The tire tread "painting technique"” was used by
Plackett [5], with particular attention on tire lugs action and tire lug tread stiffness. He
established a linear relationship between load and tire deflection. Upadhyaya and Wulfson
[6] showed that contact area for small tire deflection is elliptical, and that the increase of
the contact area width during the increase of tire deflection is limited. In addition, they
developed analytical expressions for contact length, width and area, on rigid surface.
Kolbov [7] discussed the changes of load position in relation to contact area, while
Fujimoto [8] studied an elastic tire as a rigid wheel of larger diameter.

The main objective of the study presented is to develop a relation between certain
agricultural transport tire parameters such as vertical loads and inflation pressures, and tire
footprint characteristics,such as footprint area, length, width and sinkage, for some typical
agricultural soils with variable moisture contents.

EQUIPMENT AND PROCEDURE
The tests included two agricultural tires used for transport 13/65-18 12PR and 7.50-20
12PR that are usually used on trucks and trailers in many countries. According to

preliminary observation of typical agricultural transport vehicles in use, inflation pressures

Table 1. Texture of tested soils

Variety Sand Sand Silt Clay Total Total
of soil >0.2mm | 0.2-0.02 |0.02-0.002| <0.002 Sand Clay
Chernozem 0.8 37.44 30.56 | 31.20 38.24 61.76
Black soil 1.6 27.66 34.64 36.00 29.36 70.64

for the above mentioned tires range among 100 and 500 kPa, and the vertical load among 8 |
and 20 kN. Thus, dependent variables during the test activities, were: _

o Tire 13/65-18:
Inflation pressure: 100, 200 and 300 kPa
Vertical load: 8, 14 and 20 kN

o Tire 7.50-20:
Inflation pressure: 100, 250 and 400 kPa
Vertical load: 8, 14 and 20 kN

Both tires have been tested on two cohesive soils e.g. clayey-loam (variety of
Chernozem) and clay (variety of black soil) with 4.5 to 6% organic matter. The closer

- characteristics of the soils are given in Table 1:
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“Fig. 1: Scheme of static tire testing device.

Moisture contents of the mentioned soils varied around plastic limits, or, around
moisture content commonly observed during basic tillage operations. The moisture content
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Fig. 2: Measuring device



, ‘range tor Chernozem was between 15 and 27%, and for Black Soil berween 23 and 35%. ot

55

i

Both soils were precompacted in a soil hin until usual field condition was reached (porosily

~ 55% vol for Chernozem and 65 %vol for Black soil).

‘l'ire tootprint Pharactenstlm were meaqured by a special device, qc‘hemancally given in Flg
1, while the closer view is given on Fig. 2. This device consisied of a mainfrawe (2) with a
loading cylinder (1) and a load transducer (3), given closer on Fig. 3.

Rk T S - L S it o add

Fig. 3: Closer view of main frame, sliding frame, loading cylinder and load cell .

The tested tires (5) was mounted on a sliding frame (4), while the soil was located in the
moving carriage (6) The dimensions of the carriage excluded "side effects” but the depth of
soil (50 cm) simulated the presence of a commonly existing hard pan.

The moving carriage is placed on the set of rollers, as it is shown on Fig. 4. The second,
horizontal, hydraulic cylinder enables movement of the carriage.

Besides of the measuring of vertical load, the device is also equipped with horizontal load
cell, given on the Fig. 4. The horizontal load cell euables measuring motion resistance of
the carriage. Knowing the resistance of unloaded carriage filled by soil, the reading of the
horizontal force necessary to move loaded carriage, can give information about motion
resistance of the loaded tire under the given soil conditions.
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Fig. 4. Horizontal load cell
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The device is equipped by regulated hydiaulic puwcn supp]y enables to keep constani,
amount of vertical force during the carriage movement. .

“Data collection, condition and acquisition system emable, Fig. 5, enables comtinual

measuring of vertical and horizonial forces, as well as, vertical and horizontal displacenent.
of the loaded tire body.

Fig. 5: Data acqiusition system

The soils were (irst moistened, then placed in the bin's carriage and precompacied fo the
mentioned level. Afier the soil preparation stage, (e tite, loaded up to the specific amouut,
was rolled over the soil by pulling the carriage for about 70 cm. Therefore, the carriage
forward movement initiafed the tire rolling. 'I'he rear side of the tire footprint was marked
by special nails and the tire was unloaded and lifted after the marking was finished. An
example of taken footprint in sand is given on Fig. 6.

After unloading, the footprint characteristics were measured using a 50x50 mm grid, showu
schematically in Fig. 7. The sinkage was measured (uough holes drilled, ‘in the grid ;
corners, at 50 mm distances.
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Fig. 6: Tire footprint in sand

RESULTS AND DISCUSSION

- The examples of measured footprint area for the tire 13/ 65-18 in both tested soils are g

iven

in Fig. 8.
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Fig. 7. Footprint measurement.
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All footprint parameters, as expected, depended on load, inflation pressure and soil
moisture content changes. Higher values of all independent variables (area, width, length
and sinkage) were mostly obtained throughout the whole range of moisture contents in
heavier Black Soil. The independent variables given in Fig. 3, show some regularity related
to the changes of dependent variables, though, as it seems, only footprint width, especially
for tire 7.50-20 shows some irregularity. Negligible or irregular changes of tire footprint
width were also found by the other researchers /5/.

TIRE: 13/63:18; SOIL: CHERNOZEM TIRE: 13/65-18; SOIL: BLACK SQIL
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" Fig. 8: The examples of measured values

The measured data for area (A), width (b), length (1) and sinkages (z) were fitted to a
polynome of the third degree, using equations (1 to 4), i.e.: .

b =Kg + kW + kW +Kkyw )
1= Keg + kigW + KpgW? + kygw’ e (3)
Z2=koy + KW+ KpgW? +KyW® .. . e (@)
rc cucuw—mnmmJ |:cucu-m ] MMJ .
1700 e . % 9. o -] . . 4T TR, T T, .
m . -/
" = ! o
o i el
e T 7 o
< 13 / 250 kPa g . A
L 4 /
(- =
" e //’ — i
N2l ] all
1000 ~af a
o 16 10 20 2 24 2 20 ) 2¢ 3 ) ) = 3 »
MOISTURE CONTENT, w % MOISTURE CONTENT. w %

Fig. 9: The example of measured and fitted data. ;
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where (w) is the soil moisture content and (koi, Ku, kz and ksi) are constants.

Examples of fitted data are given in Fig. 9 and the R-square values for all curve fitting have
been very close to one.

The analysis of variances done by SAS computer statistical package for fitting data is given
in Table 2. The analysis of variance was done in order to determine whether the treatment

variations were the main source of variation or an experimental error.

Table 2. The analysis of variance

ANALYSIS OF VARIANCE
Soil Variable F-VALUE
Type Model Load Press. Moist. C.V.
Area 186** 820** 168** 83 ** 2.64
Chernoz. Width 05** 412%* 227** 20%* 1.13
13/65-18 Length 235%* 1179** 198** 84 x* 1.62
Sinkage 438** 462** 235%* 528** 3.31

Area 184** 1032** 210** 39%* 2.33
Black soil Width 191** 931** 318** 30%** 0.66
13/65-18 Length 242%* 1283** 202%* 60** - 1.55
‘ Sinkage 191** 404** 360** 127** 3.78
Area 128** 444** 389** 32%* 3.63
Chernoz. Width T4** 118** 464** 1.5ns 2.25
7.50-20 Length 397** 1375%* 454** 225%* 1.17
Sinkage | 1052** | 1122%* | 545** | 1125%* 2.03
Area 369** 1515%* 1081** - 60** 2.03
Black soil Width 85** 308** 371%* 0.4ns 2.27
7.50-20 Length 597** 2013%* 1285%* 246** .98
- Sinkage 124** 216%* 94*% 115%* 4.37

** Indicates significance at «=0.01

ns Indicates nonsignificance

The data given in the Table 2 show a "highly significant" relation between all measured
values (Area, Width, Length and Sinkage) to the tire loads and inflation pressures. In
addition, for the 7.50-20 tire no significant influence of soil moisture content on footprint
width change can be noticed. The analysis of C.V. shows that the obtained results are
reliable.

Regression analyscs of three-factorial sets of experiments were performed and empirical
relation between tire footprint characteristics as independent variables, and tire load,
inflation pressure and soil moisture content as dependent variables, were established.

SAS program allowsd analyses of optimal regression procedure. The values of R-square are
used as an estimation factor for four different regression procedures, i.e.:

Linear:
y=aq +a, F, +a,p; +a3w )
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Table 3. R-square values for regression procedures

Soil Variable R-SQUARE
Type Linear Quadr. Cross Total
Area 0.9425 0.0211 0.0277 0.9913
Chernoz. Width 0.9009 0.0335 0.0537 0.9881
13/65-18 Length 0.9457 0.0244 0.0191 0.9891
' Sinkage 0.9856 0.0003 0.0077 0.9935
Area 0.9517 0.0088 0.0183 0.9856
Black soil Width 0.9585 0.0088 0.0537 0.9881
13/65-18 Length 0.9659 0.0045 0.0211 0.9913
Sinkage 0.9246 0.0216 0.0301 0.9836
Area 0.8931 0.0576 0.0378 0.9836
Chernoz. Width 0.8464 0.0661 0.0496 0.9618
7.50-20 Length 0.9493 0.0159 0.0103 0.9761
Sinkage 0.9354 0.0578 0.0031 0.9962
Area 0.9335 0.0497 0.0093 0.9925
Black soil Width 0.8934 0.0367 0.0621 0.9931
7.50-20 Length 0.9569 0.0318 0.0014 0.9902
' Sinkage 0.9448 0.0068 0.0413 0.9931
Table 4. Parameters of Linear regression :
Soil Variable LINEAR REGRESSION
Type ' ao1 ai ai asi
Area 614.06 30.390 -0.820 30.090
Chernoz. Width 30.600 0.2100 -0.009 0.1400 .
13/65-18 Length 29.620 0.7200 -0.018 0.5800
Sinkage -9.870 0.2600 0.0101 0.8100
Area 760.04 32.370 -0.846 19.840
Black soil Width 31.220 0.1900 -0.008 0.1100
13/65-18 Length 39.720 0.7500 -0.021 0.5200
Sinkage -7.310 0.2800 0.0157 | 0.4800
Area 632.04 23.410 -0.846 18.810
Chernoz. Width 24.870 0.1600 -0.012 0.0100
7.50-20 Length 31.720 0.6100 -0.014 0.7600
Sinkage | -8.460 0.2600 0.0077 0.8700
: Area 609.27 26.090 -0.830 16.410
Black soil Width + 22.990 0.2600 -0.011 0.020
7.50-20 Length 30.960 0.6700 -0.020 0.7400
Sinkage -7.960 0.2600 0.0071 0.6200

y =ag +ayF, +a,p; +ayw

Fn [kN], pi [kPa)], w [%], aj [cm"2] or [cm]
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Quadratic:
- — 2 2 2 \
y=ag +apFy +a,pl +aj,w (6)

Cross product:
y=ag +apFp; +apFw+aspw Q)
Total:
2 2
y =ag, +a,F, +ayp; +awt a F; +agpi +agw+a,Fp; +agFw+agpw ®)

where, (y) is an independent variable, (F.) is dynamic load, (p) inflation pressure, and (aoi
to ax are coefficients of analytical expressions. The calculated R-square values for equations -
(5) to (8) are given in the Table 3,

These values given in Table 3 enable one to conclude, that linear and total regression
procedure (Equations 5 and 8) can generate acceptable prediction of independent variable.
The equations' parameters for linear, Eq.(5) and total regression, Eq (8), for all tested tires
and soils are given in the tables 4 and 5.

Analysis of data given in Table 4 shows that footprint characteristics for tire 13/65-18 are
more predictable. It means that variations of footprint characteristics of this tire for load,
inflation pressure and soil moisture content changes are more regular, compared with 7.50-
20. Presented equations with given parameters are valid only for the range of tire loads and.
inflation pressures recommended by the manufacturer and the soil moisture content range

around the soils plastic limit.

Table 5: Parameters for Total regression

Soil Variable TOTAL REGRESSION
Type . ai a ax a4

Area -462.95 67.0832 -1.3411 115.95 -0.5430
Chernoz. Width 24.0235 0.18234 -0.0084 0.7685 0.0117
13/65-18 Length 0.28234 1.37423 -0.0095 2.9436 -0.0073
Sinkage -5.7742 0.04344 -0.0063 0.7143 -0.0015

Area 879.586 64.6185 -1.8154 0.8603 -0.0973
Black soil Width 22.4912 0.42643 -0.0113 0.6219 -0.0003
13/65-18 Length | 26.3074 1.60362 -0.0228 0.3436 -0.0105
Sinkage | 19.7356 0.07541 -0.0179 -1.0705 -0.0122

“Area | -293.78 | 30.0262 | -1.4048 | 10676 | 0.3012
Chernoz. | Width | 29.9968 | 0.37473 | -0.0371 | 0.0021 | 0.0021
75020 | Lengh | 13.7846 | 094589 | 0.0118 | 2.2750 | -0.0139
Sinkage | -37.803 | 1.11145 | -0.0072 | 34020 [ 0.0283

~ Area -68.527 16.0379 -1.8051 72.662 0.5975
Black soil Width 21.758 0.29147 -0.0333 0.2425 0.0034
7.50-20 Length 20.3105 0.46575 -0.0494 1.7500 0.0049
Sinkage 1.50921 -0.0287 | -0.0329 -0.1062 -0.0099
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Soil Variable TOTAL REGRESSION
Type as4 ae4 a7 ag4 a% . .
Area -0.0788 0.00206 -0.2726 0.0381 -2.1345
Chernoz. Width -0.0008 0.00002 -0.0069 0.0002 -0.0134
13/65-18 Length -0.0015 0.000011 -0.0075 0.0004 -0.0556
Sinkage -0.0005 0.000008 0.0066 0.0006 -0.0029
Area -0.0683 | - 0.00405 -0.5471 0.0118 0.4187
Black soil Width -0.0003 0.00001 --0.0059 0.0001 -0.0078
13/65-18 Length 0.0016 0.00005 -0.0080 0.0001 0.0046
Sinkage 0.0010 0.00004 0.0115 0.0002 0.0235
Area -0.0007 0.00325 -0.0366 -0.1104 -2.0107
Chernoz. Width -0.0005 0.00004 -0.0073 0.0005 0.0091
7.50-20 Length -0.0067 0.00002 -0.0051 0.0003 -0.0605
Sinkage 0.0002 0.00001 -0.0051 0.0003 -0.0605
Area -0.0270 0.00352 0.00271 -0.0140 -0.9102
Black soil Width -0.0007 0.00003 0.00167 0.0005 -0.0066
7.50-20 Length -0.0002 0.00008 0.00351 -0.0003 -0.0168
Sinkage 0.0004 -0.00005 0.01648 -0.0010 0.0128
TYRE:13/685-18; SOIL. CHERNOZEM
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Fig. 10. Linear regression for footprint area ; Confidence level is 95 %; Conditions are

The R-square values are higher for all regression equations calculated by total
regression compared to the linear. This leads to the conclusion that the total regression
procedure, equation (8), yields much better prediction of tire footprint characteristics then
the linear one.

The mentioned conclusion is also illustrated in Figs. 10 and 11, where the measured
and the predicted values for tire footprint area and width are shown for linear and total
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regression procedures, respectively.
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The analysis of the results obtained from linear regression procedure (Fig. 10) shows that
the differences between measured and predicted -values are higher for tire footprint width
than for other observed parameters,. This can be also observed from R square values given
on the Fig. 12. Moreover, it may be observed that footprint width changes are quite small
in comparison to the other footprint characteristics. This means that tire footprint width can
be taken as a constant value with no significant estimation error.

LINEAR REGRESSION NONLINEAR REGRESSION

2100 13/65-18; CHERNOZEM:; 8-20kN; 100-300kPa 2100 13/63-18; CHERNOZEM: 8-20kN; 100-300kPa
o o H H
:' ~ s y
E at Q €
-] -]

< 180 s <
. o .
§ 5 :
< : 7 = <
- 1600 -
B o g

1500 g
& e £
8 1400403 § i
W . unﬂ uu 1]

13005558 '

1200 v v v 1200 v v ‘

1200 1400 1600 1800 2000 1200 1400 1600 16800 2000
PREDICTED FOOTPRINT AREA. Acm”~2 PREDICTED FOOTPRINT AREA, Acm~2
r O MEASURED —— PREDICTEDJ I O MEASURED —— PREDICTED ]

Fig. 12. Comparative analyses of total (nonlinear) and linear regression procedures for
footprint area; Conditions are given in the pictures.

Data illustrated in Fig. 11 shows better relation between measured and predicted data for
_ the total regression procedure then for the linear as given in the Fig. 10.
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It may also be observed from Fig. 12 that total regression procedure seems to yield more -
reliable prediction of tire footprint width. Meanwhile, as mentioned before, the prediction
equation (8) is valid only within the range of recommended tire loads, inflation pressures
and soil moisture content range around the plastic limit.

The comparative analysis of predicted and measured values of footprint area is given
in Fig.8 for both, linear and total regression procedure. It may be concluded that measured
values for the tire footprint area (A) are more scattered around for linear regression
procedure compared to the total regression. This means that both linear and total
procedures may be accepted as prediction methods according to their R-square values, but
that better prediction can be expected from total regression procedure.

CONCLUSIONS

The presented results show that footprint characteristics of agricultural transport tire in the
cohesive types of soil may be successfully predicted within the range of recommended tire
‘load and inflation pressure, and soil moisture around plastic limit.

The analysis of variance of the obtained data shows significant influence of the tire load and
inflation pressure, as well as soil moisture content on the tire footprint area, length and
sinkage, while the footprint width shows some irregularity. The values of footprint width
can be taken as a constant since only small changes of footprint width follow soil moisture
content changes.

Although a reasonably good prediction may be achieved using linear regression , the total
regression ensures more reliable prediction of footprint parameters and may be
recommended for further use. ‘
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'V.2.3. IN-SITU SOIL PROPERTIES MEASURING TECHNIQUE FOR SOIL-TIRE-
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~_INTERACTION
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Soil mechanical properties are the important part for soil-vehicle interaction prediction. The
present research describes an experimental and theoretical approach to the measuring
method of soil mechanical properties for tire traction and soil compaction purposes.

A special portable, shear-penetration raie device (PSP) was designed, manufactured and
tested. The system measured the soil resistance to plate penetration and direct shear
resistance by grouser plates.

The PSP is able to perform soil testing either under the laboratory or field conditions,

depending on the test's purposes.

Fig. 1 shows the PSP mounted on the front side of the basic tractor, together with the single

wheel tester that is located on the rear side.
Specially built connecting frame and two vertical hydraulic cylinders enable vertical
movement of the testing unit and location on the desired testing position. '

Fig. 1. PSP mounted on the front side of the basic tractor

The scheme of the measuring device (PSP) is given on Fig. 2.

Basically, the measuring system is consisted of main frame (2 and 8), equipped by leading
trails (4) and rollers (3) which enables side displacement of the measuring device. The plate
penetration part of the measuring device consisted of servo-controlled hydraulic piston (1),
leading trails (7), penetration rod (5), penetration plate (6) and load cell (9).

e e

. e



67
The second part related to shear resistance measuring of the grouser plate, consisted of the '

basic mechanism (10,11), hydraulic piston for vertical force applying (12), load cell's
assembly (13,14) and grouser plate (15). '
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Fig. 2: Scheme of the soil 'prdpetties measuring device (PSP)

" The closer view of the PSP is given on the Fig. 3-1 o




L
£
E

T o g Tt WA T T T

e e

e

i

M T g

Fig. 3: Closer view of the PSP
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Plate peneiration part is equipped with servo-coutrolled piston (Fig. 4) , as it was
mentioned before, which allows full control of ile penetration rate, applied force and plate '
__sinkage. It means l;hat devme endbles tests wi wuh t:ltllcl constant peuetiation rate or constaul

"~ penetration force. s/ e T

S e e r—— . - Sy S p——

Fig. 4: Servo-controlled piston

The closer view of penetration plate location is given on Fig. 5.

Fig. 5: Penetration plate location
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Shearing part of the PSP is given on the Fig. 6. The hasic mechanism enables verfical -
position of the grouser plate, while piston, located inside basic mechanism, applies desired
vertical force on the grouser plate. = .. e

#

Fig. 6: Shearing part of the PSP

Horizontal movement of already loaded grouser plate is provided by the same servo-
controlled piston as it is used for plate penetration. Tt means, that direct shear test can be
performed with controlled rate or horizontal force.

The grouser plate assembly, given on ihe Fig. 7, consisted of the three load cells. Two of
them measure applied vertical load on the grouser plate, and third, horizontal force
necessary to shear the soil.

Vertical movement of the whole PSP as well as the vertical force application on the grouser
plate is provided by separately regulated hydraulic system, related to the servo control of
the main piston. Mentioned control includes constant amount of vertical [orce applied W e
grouser plate during the horizontal movement.
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Fig. 7: The grouser' plate assembly

The soil properties testing, which are taking place at the present moment, include studying -
of influence of the soil type, sinkage and shear rate, as well as size and shape of the plate
on the observed soil properties.

Taken experimental results will be correlated to the existing theories according to Bekker,
Reece and Wong, and by continuum mechanics formulation.

V.2.4. INFLUENCE OF TIRE ACTION ON TOP SOIL. COMPACTION. ., .~

Analysis of existing data sets was carried oul it order to establish some emmpirical
relationships between tire type and mode of operation (tire dimensions, carcass constriction,
inflation pressure, axle dynamic load and slip) and soil compaction parameters (tire
sinkage, soil bulk density, cone index) tor three souls.

Empirical relationships in the form of linear or non linear regressions were established
between the tire characteristics and the soil compaction indices.

&
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V.5: DETERMINATION OF ENGINEERING PROPERTIES OF SOIL IN-
SITU USING A RESPONSE SURFACE METHODOLOGY:

Developing a response surface methodology to determine engineering properties of soil in-
situ was a major achievement of this study. Although we were supposed to address this
task during the second year of this study, we started on this objective during the first year
of this project and continued to work on various aspects of this objective during the whole
project duration. At first, a widely used soil constitutive model - the Drucker Prager
model, was selected for this study. Later a critical state model known as modified cam-clay
model was investigated. The work involved the development of the methodology,
checking its robustness, improving the methodology using higher order corrections to the
response surface, conducting some field tests, and providing experimental verification to
the methodology. Our results at various stages of this project were shared with scientific

community at the national and international meetings. These are listed below:

1. Upadhyaya, S. K., D. Rubinstein, and M . Sime. 1993. An inverse solution techniqué
to determine engineering properties of materials. ASAE Paper 93-1084. ASAE St.
Joseph, MI 49085.

This paper outlines the methodology using the example of a two parameter hypoelastic

case.

2. Rubinstein, D. S. K. Upadhyaya, and M. Sime. 1993. Determination of in-situ
engineering properties of soil using response surface methodology. Proceedings of the

11th International Conference of ISTVS, Vol II, page 634-646.

This paper is similar to the one above but presented to a different audience - primarily

interested in off-road mobility and traction.
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3. Rubinstein, D., S. K. Upadhyaya, and M. Sime. 1993. A response surface
methodology for determination of engineering properties of soil in-situ. 5th ICCPAM

International Conference, Sept. 6-8, 1993, Bonn, Germany.

This paper looks at the application of the methodology to the Drucker Prager soil
constitutive model. It includes a third order correction to the response surface to provide a

better fit to the real surface.

4. Rubinstein, D., S. K. Upadhyaya, and M. Sime. 1994. Determination of in-situ
engineering properties of soil using a response surface methodology. J. Terramechanics.

Vol 31. p67-92.

This paper is peer reviewed version of (1) and (2) except it extends the methodology to a
five parameter Drucker Prager soil constitutive model. This paper contains a second order

correction to the response surface.

5. Rubinstein, D., S. K. Upadhyaya, 1994. A response surface methodology for

determination of engineering properties of soil in-situ. J. Agrophysics. 8:113-130.

This paper is a peer reviewed version of #3 above. The second order correction to the
response presented in #1, #2 and #4 were found to be insufficient in some cases and a third
order correction to the surface was added to increase the robustness of the response

surface.

6. Upadhyaya, S. K. 1994. Determination of engineering properties of soil in-situ.
Proceedings of the workshop on "modeling the mechanics of off-road mobility" held at the

Waterways Experiment Station, Vicksburg, Mississippi, April 5-6, 1994.
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This was an invited keynote speech delivered by Dr. Upadhyaya and is the most
comprehensive paper on the subject. This paper includes some field test results. This
paper is included in the body of the report. Note that we did receive some additional

funding from the Goodyear Tire and Rubber Co. to conduct this part of the research.

7. Sime, M, S. K. Upadhyaya, 1994. Experimental verification of an inverse solution

technique developed for parameter estimation. ASAE Paper. 94-1565. ASAE St. Joseph,

49085.

This paper provides some preliminary results on the experimental verification of the

response surface methodology using a modified Cam clay critical state model.

8. Sime, M. and S. K. Upadhyaya. 1995. Development and evaluation of parameter
estimation technique using response surface method. Proceedings of the 5th North

American ISTVS Conference, May10-12, Saskatoon, SK, Canada. p 249-258.
This is the most comprehensive paper on the verification of the response surface
methodology. This has been a part of PhD thesis investigation which is currently in the

final phase of completion. This is included in the body this report.

Three copies of all the eight papers are included with the report.
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V.5.1DETERMINATION OF ENGINEERING PROPERTIES OF SOIL IN-

SITU
Shrini. K. Upadhyaya
Professor
Department of Biological and Agricultural Engineering
University of California, Davis CA 95616
SUMMARY:

Soil-tire/Soil-track interaction is of particular interest to researchers involved in off-road
mobility and traction research. This includes scientists and engineers involved in research
in the field of agriculture, construction, forestry, military, and mining. In agriculture and
forestry soil compaction caused by traction devices is also a serious concern. A sound
mathematical model is a pre-requisite to obtain a clear understanding of the soil-tire/soil-
track interaction process. A key ingredient for any such model is a constitutive relationship
which describes the stress-strain behavior of soil. Any suitable constitutive model requires
soil physical properties which describe the elastic behavior of soil, onset of yield and
subsequent plastic flow, material hardening or softening rules etc. Since in-situ soils
seldom behave like remolded laboratory soils or disturbed field samples, it is important to
"identify" or "calibrate" the engineering properties of field soil by means of in-situ tests.
The technique of obtaining material parameters based on actu.al system response is known
as "back anélysis", "inverse solution", "identification", or "calibration procedure". For
complex problems such as soil-traction device intefaction where closed form analytical
solutions do not exist a numerical technique such as a finite element technique is
commomnly used to solve underlying system differential equation. For such cases the
back analysis procedure can take one of the two forms: (1) inverse method, and (2) direct
method. This paper addresses the advantages and disadvantages of such techniques, and
discusses a new technique which overcomes some of their limitations. This new technique

consists of developing aso called "response surface” in the parameter space and then using



116
this pre-determined surface to "identify" engineering properties of the material based on
in-situ tests. Two case studies - (1) a two parameter hypo-elastic model for soil, and (2) a
complex five parameter model for soil which includes nonlinear material behavior in elastic
range, yield based on Drucker-Prager yield criteria and associated plastic flow upon yield

are presented to illustrate the methodology.

INTRODUCTION AND REVIEW OF LITERATURE:

One of the challenges in the design of an off-road vehicle is to equip it with a traction
device( tire or track) which can develop high traction efficiently( i.e. optimum tractive
efficiency) while deterring soil compaction. Even an increase of one percentage point in
the tractive efficiency leads to an annual savings of over 100 million liters( about 25 million
gallons) of fuel in U. S. alone[1]. On the other hand, soil compaction has been recognized
as a worldwide problem with serious ifnplications on agricultural sustainability[2].
Although, certain amount of soil compaction may even be desirable for some crops under
certain environmental conditions (optimum soil compaction), excessive soil compaction
can lead to diminished soil porosity, reduced water infiltration, increased resistance to root
penetration, increased tillage energy requirements, decreased biological activity, and a
reduction in crop yield[3 - 14]. A necessary pre-requisite for the successful design of a
traction device is a sound mathematical model for the soil-traction interaction process. This
interaction is an eXtremely complex, dynamic process. A key ingredient of such a model is
a constitutive relationship which describes the stress-strain behavior for soil. Schafer et al.
[15] stated that an accurate description of soil constitutive relationship is necessary for the
integrity and robustness of the model. Soil is perhaps one of the most complex material

from engineering point of view[16].
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Numerous constitutive models are currently available for soils. Among these are the
elasticity models, higher order nonlinear elasticity models, hypo-elasticity models,
plasticity models and visco-plasticity models. Desai [16], Desai and Siriwardane [17] and
Chen and Baladi[18] have discussed these models and their applicability to a specific
loading situation in detail. Piece-wise linear elastic models (hyperbola, parabola, splines
and Ramberg-Osgood formulas) tend to be good for a specific loading case but are poor to
simulate general loading conditions. Higher order nonlinear elasticity models tend to
include too many parameters and have limited appeal. Hypo-elasticity models appear to
show some promise. P_lasticity models which utilize Von Mises, Mohr-Coulomb and
Drucker-Prager failure criteria have been widely used. To include volume changes due to
shear in geological materials and also to account for strain hardening or softening behavior
critical state models have been developed. CAM and CAP models account for growth of the
yield surface and have become increasingly popular in civil engineering. Applicability of
critical state models to unsaturated agricultural soils has been a much debated issue.
Hettiaratchi and O' Callaghan[19], Hettiaratchi[20] and Kirby[21] have found that critical
state concept is applicable to unsaturated soils both qualitatively and quantitatively except
that the critical state parameters depend on the soil moisture content. They found that it is
reasonable to use total stress in the model(i.e. soil moisture tension can be ignored). Bailey
et al.[22] and Bailey and Johnson[ 23] developed a constitutive model for agricultural soil
that relates volumetric strain to octahedral normal and shear stress. This model predicts
volumetric strain of soil samples accurately at limiting values of stresses(i.e. zero and very
large applied stress). Raper and Erbach[24] and Raper et al.[25] have used this constitutive

equation to compute tangent moduli in a finite element program to predict soil compaction.

All the aforementioned constitutive models require material parameters. These material
properties describe the elastic behavior of soil, onset of yield and subsequent plastic flow,

material hardening or softening rules etc. Typically these parameters are determined using
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laboratory tests. Sometimes remolded soils are employed in the laboratory tests which
may not behave like field soil. Use of soil properties obtained from remolded samples can
often lead to predictions which are unrealistic and of little value to engineers interested in
improving tire design.  Even if field samples are obtained, one of the main problem with
the soil material is that these samples undergo disturbances during excavation and testing,
and may not behave like in-situ soil under actual loading conditions in the field. Use of
cone penetrometer, grouser plate, and sinkage plate often yield some composite soil
parameters which depend on the geometry of the test device and loading conditions. These
composite soil parameters are of little use in subsequent model studies based on
constitutive relationship. It is preferable to determine the soil material parameters based on
undisturbed in-situ tests. The technique of obtaining material parameters based on actual
system response is called "back analysis", "inverse solution", "identification", or "
calibration procedure”. The process of "calibrating”" actual field response to model

behavior is expected to "identify" the material parameters which can accurately predict .

system response-in subsequent analysis which utilize the same constitutive model.

The back analysis technique has been successfully used in Geomechanics in studying
tunneling problems in rocks and in investigating settlement problems[26-43]. If a closed
form solution exists for the underlying differential equation describing the physical
problem, then back analysis to obtain the material parameters involves optimizing the
difference between the analytical and experimental responses. However, most real life
problems in geomechanics are geometrically and/or materially nonlinear, and an analytical
solution may not exist. In such cases a numerical procedure such as a finite element
method[FEM] may be used to obtain solutions to the governing differential equation.
When finite element analysis is used, back analysis may take one of the two forms - 1)

inverse method, and 2) direct method.
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In the inverse method nodal values of displacements and stresses obtained by a FEM
technique are used as known boundary conditions and the unknown displacements and
stresses are eliminated from the global matrix equation by reduction[41]. A brief discussion

of the method is as follows:

Let the FEM result in the following matrix equation:

[K){u} = {F} (1)

where K is the global stiffness matrix, u is the nodal displacement vector and F is the

global forcing vector. Let us partition the global stiffness matrix by collecting all nodes at

which nodal values are measured in the field as follows:
Kii Kppf|ui| [F ,
Ky Kao ||y, F, )

where u*j is a vector containing measured nodal values and uy is a vector containing
unknown nodal values. Fjand F are known nodal force vectors, and Kj; s[i= 1,25 )=
1,2 ] are partitioned global stiffness matrix elements. Note Kjj ’s are functions of unknown

material parameter vector, p'. Eliminating u out through reduction, we get

[K'{u"} ={F} )
where

[K'1=[Ky; + KK, Ky

{u’}={ul}

{F'} = {F, - K,K»'F,}
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In equation (3) only unknowns are p;j s contained in the elements of matrix [K*]. An
iterative scheme or a least square optimization scheme can be used to solve equation for
unknown material parameters. This inverse technique is quite sensitive to experimental
error and may not converge at all in some cases[35,40,42]. The direct approach results in
more accurate parameter values. In the direct method, nodal values of the response are
computed using a finite element method for a set of assumed parameter values. These
responses are a function of assumed parameter vector (p), say u(p). The actual values of
response at the same nodes can be obtained by field or in-situ tests. If u* is corresponding
observed response to u(p) then e;=(u*i- u(p);) is a measure of error in the ith value. A
suitable objective function such as ¢=% e;2 can be optimized using a nonlinear optimization
technique[35,40,42]. The direct search methods such as simplex method or its modification
such as Rosenbrock's version or gradient based methods such as conjugate gradient
method or quasi-Newton method can be successfully used depending on the
application[26,32,43]. Nodal displacement values are usually better than stress values in
parameter identification[32,35,36]. Moreover, it is preferable to map all the parameters to
same range through scaling[32]. Even in the case of simple linear elastic constitutive
model, the objective function, ¢ will be a nonlinear function .of material parameter
vector,p. Because of this situation, the objective function, ¢ may have several local
minimas[43]. Therefore, the optimal solution may be sensitive to initial guess values.
Sometimes different combination of two or more parameters may lead to same
response[non-unique solution][43]. More than one type of test or tests using different
geometry and/ or loads may be helpful in such cases. Bayesian approach and Kalman
filtering have been found to be helpful in improving the accuracy of results in the presence
of experimental errors[27,33,40]. The direct method can be computationally very
expensive since at each iteration a new FEM analysis with updated parameter vector(p)

needs to be carried out[42].
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Rubinstein, Upadhyaya, and Sime[44] proposed a new methodology which utilized
orthogonal regression technique to develop a response surface in the parameter space
based on an analytical or numerical (such as a finite element analysis) solution to the
system differential equation. This response surface was used in the optimization step.

Their methodology consists of following steps:

1. A response surface is built using an orthogonal regression technique based on an
analytical or numerical solution to the governing differential equation of the system.

The response surface will be a function of unknown material parameters.

2. This response surface is updated using higher order corrections so that the response
surface behavior is close to the real surface behavior everywhere in the parameter space.
This response surface will be used to predict the response corresponding to the

experimental values(i.e. at the same load and nodal point).

3. Experimental results are transformed such that the real surface and the response surface

will have one-to-one correspondence everywhere in the region.

4. Experimental results are optimized against the response surface predictions to obtain

material properties of the test material.

The proposed technique is particularly useful in dealing with complex problems which
require numerical solution such as a FEM solution to the underlying system differential
equation. The main advantage of this technique is that once the response surface is
created using an FEM analysis, there is no need to go back to the FEM analysis. In the
classical direct or indirect approach, hundreds or even thousands of time consuming and

expensive FEM evaluations are necessary to determine material parameters through
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optimization technique. In this methodology during the optimization technique only the
response surface is used to estimate u(p). This approach is expected to make this
technique computationally very efficient. These in-situ soil properties can be used in
subsequent model studies based on constitutive relationships which utilize these soil
parameters. In fact, the methodology is quite general and can be used in other fields to

estimate constitutive equation parameters based on in-situ measurements.
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MATHEMATICAL MODELING

Response Surface Development:

Let us consider a general material constitutive model for soil (or any other material)
consisting of m parameters: p;,p2,P3:-:Pm- For example, if we select a nonlinear
constitutive model with extended Drucker-Prager yield criteria and associated flow rule,
then six parameters will be involved{45,46]. These parameters are p;=logarithmic bulk
modulus, k; p,= Poisson's ratio, v; ps=yield surface shape factor(i.e. related to the third
invariant of stress), K; p;=cohesion, c; ps= internal angle of friction, ¢; pe=initial void
ratio, e. The last parameter, e is really related to initial stress condition. The response of a
system to applied load depends on its geometry, material properties and the load itself. If
the applied load and the geometry are fixed(i.e. for a given geometry and loading), the
system response is a function of material constants used in the constitutive equation.
There is a function ®=®(p,,p2,P3,----Pm) Which represents the system response as the
material properties used in the constitutive equation are changed. In most real situations
the differential equation describing the response is nonlinear, this function is seldom
known explicitly. One of the goals of this study is to find an approximate representation
for this real response, ®. This approximation to the real response is termed the response
surface, F in this study. One convenient way of determining the response surface F is to
determine the variation of F as one of the material parameter, p; is changed while all other
parameters are held constant. Let this response function for the single variable p; be fi(p;).
If we repeat this process for each of the m material parameters(i.e. for i=1,2 ......, m), then
one easy way of obtaining the response surface is simply to multiply these component

equations, f(p;), i.e.

® = F = Cf;(p)f(p)f3(P3)---fn(Pm) (4
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where

F =response surface

f, = a component equation which is a function of parameter p; only.

C = constant.

Note that this type of solution is often sought in the solution of linear partial differential
equations and is known as separation of variables. For example, in the case of a circular
plate placed on a linear elastic medium and subjected to a uniformly distributed load, the

real response, ® is given on page 350 of Das[47] as

1—1)2

= 3)

®=158qb

where

® =the plate sinkage.

E = Young's Modulus, E=p;.

v = Poisson's ratio, V=p;.

q,b = constants (respectively, uniformly distributed load and plate radius).

Equation (5) is a multiplication of two functions of the parameters, p;=E and p,=v, ie.,
f,=1/E and f2=(1-1)2). Therefore, in this case the response surface, F can be represented
by a multiplication of the component equations as we assumed in equation (4). However,
in general such a representation is accurate only in a small region due to geometric and/or

material nonlinearities in the system. The error is expected to be small if the range of p; is

small for each of the m parameters.

Thus the process of building the response surface requires holding all relevant factors

except parameter p; constant(i.e. geometry, loading, all other material properties p;, =12
.. m but j#i) and determining the component equation f(p;). Once all the component
equations are determined, equation (4) can be used to build the response surface. It should

be recognized that for each given geometry and loading there will be one response surface.
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In the case of plate sinkage tests, for a given plate size and load level there will be a
response surface. Since there are m unknown parameters, at least m field measurements
are needed to solve for these m parameters. In practice, it is preferable to have more than m
points( i.e. n>m) so that the m parameters can be determined with the help of an
optimization algorithm. Since each unreplicated in-situ measurement corresponds to a
given geometry and loading, each of these experimental values correspond to a point( or
contour) on one response surface. Thus each of the n unreplicated measurements will
correspond to a point( or contour) on one of the n distinct response surfaces. Note that
more than one observations at a given geometry and loading refer to the same point (or
contour)on a response surface that corresponds to that geometry and loading. Thus
replicates do not provide additional equations to solve for the parameters, but help in
controlling experimental error. Upadhyaya et al.[48] suggested that at least eight replicates
to adequately deal with the spatial variability in the case of in-situ plate tests. Suppose we
"have n distinct combination of geometry and load level there will be n response surfaces,

F;, i=1,2 .....n. From equation (4) we get
F) = Cifufiz-fim

F, = Cyfyifpp--fom
(6)

| F,= Cnfn1fn2"'fnm

where fj; is the component equation corresponding to response i and parameter p; and G is

the constant corresponding to the same response surface i.
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Since each of the material parameter has its own range, some properties such as Poisson's
ratio, v vary in a very narrow range (0.0 to 0.5) whereas others such as Young's
modulus, E may vary over a very large range(thousands of kPa). From the point of
optimization as well as orthogonal regression, it is preferable to map each of the parameter
to the same range through scaling[32,49]. Each of the unknown parameter was
nondimensionalized and mapped to vary from -1 to +1 by the following transformation:

i D P Q

Pi max ~ Pi min

where:
pi = nondimensional value of parameter i.
% = mid point value of parameter i.
Pi max = Upper bound value of parameter i.
= lower bound value of parameter i.

Pi min

The value of the mid point is zero, upper bound is 1 and the lower bound is -1 for each of

the nondimensionalized parameter.

Let fj; be the nondimensionalized component equation corresponding to the

nondimensionalized parameter p'j and test condition i. The relationship between f';; and

fij is given by

== ®)

where
F, = computed value of the response surface F; for test 1 when all the parameters are set

equal to the mid point value of zero.
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Moreover, it is convenient if we nondimensionalize the system response to avoid numerical

problems in the analysis. The nondimensionalized response surface is given by:

F'i = C'if'“f'iz...f'im i=1,2,3,...,n (9)
Where
F'. =nondimensionalized response surface values corresponding to the ith test condition,
C'; = correction constant, approximately equal to 1.

The data for the creation of response surfaces can be obtained from any analytical or
numerical models. We propose to use an orthogonal regression technique to determine the
component equation fj;. The use of an orthogonal regression technique not only provides
an equation to accurately predict the overall system response, but also provides an accurate
estimate of regression parameters[49,50,51]. An accurate estimation of regression
parameters is essential in order to identify the unknown material parameters by

optimization. The function f';; is an orthogonal polynomial of parameter p'; and is given

by:
k
"I
= 2 4P (10)
r=0
The values of a; ,r=1,2 ....... k are determined by using model response (analytical or

numerical such as FEM) and orthogonal regression techniques. Only requirement for the
use of orthogonal regression in curve fitting is that p'; be equally spaced during model
evaluation while all other material parameters be held at the mid point values. The
theoretical value of the correction constant, C'j in equation(9) is one. However, when
curve fitting is employed to determine the regression coefficients,a;r, the value of this

correction constant may be slightly different than one. The actual value of C'; can be found
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by a employing linear regression technique between F'j and (f;;f;,...I'ip). To accomplish
this linear regression, model response at orthogonal points used in building the response
surface and some additional random points may be used.

Higher Order Correction:

As stated previously, in general the orthogonal response surface is expected to be close to
the true model response only near the mid point and the parameter axes(p'j axis). As we
start moving away from the origin or the parameter axes, the two surfaces will depart from
each other. At large distances from the origin and the parameter axes this error can be

significant. The relation between the nondimensionalized true response, ®'j and the

response surface, F'j is given by:
@, =F,;+¢ (1)

where ¢ is the error in our approximation ,®'; = F;.

By assuming that the function ®'; is "well behaved"( i.e. analytic everywhere in the

parameter space),this function can be represented in a Taylor series as follows:

@', =1 +b;p'; + byp's + ... + byp'y + by P12 + bpop'1p'y +.t bypP' 1P’ +b111P"13

+by12P" 12Dy +--F D' 1mP12P'm + D123P'1P'2P's +ot DioP' 1P 2P’ + (12)
where coefficients,bj, bjj, bijk. etc. for i=1,2, ..m; j=1,2 ...m; k=1,2,....m are
respectively related to the partial derivatives of the function, ®'; with respect to p's, p'ip,
P'iP'j P'k etc. at the origin(mid point). Equation (12) reduces to f'jj along p'j axis. i.e.

fij =1+ b_]p'_] + b_]_]p'_lz + b.UJpl.l3 + ... (13)

Using equations (9), (11), (12) and (13) we get,
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g; = dpop'p'y +.t djP'1P'm + d23P'2P'3 +ot 2P 2P'm Feo-

+d;15p'12p'2 +--t dimP'1%P'm + d123P'1P'2P'3 +--r (14)

where "d" s are constant coefficients related to the cross derivatives of @'; at the origin. It
should be noted that strictly from a theoretical point of view, an orthogonal response
surface can be created based on equation (12) rather than equation (9) which relies on the
product of component equations. In such a case, very little difference is expected between
the real surface and orthogonal response surface. If nine equidistant values of each of the
parameter p'j, i=1,2, ........ ,m are used in evaluating real surface, 9™ model evaluations
will be needed. If m=2 then 81 model evaluations are needed. On the other hand, if m=6,
then an astronomical 531441 model evaluations are necessary. In most real problems,
where FEM evaluation of a complex model is necessary, using equation (12) as a basis for
the response surface is infeasible except for the case of a two parameter model. The
response surface represented by equation (9) requires only [8*m+1] model evaluations(
ie. for m=2, 17 model evaluations are necessary whereas for m=6, 49 model evaluations

are necessary).
Second Order Correction:

In practice, equation (14) will be truncated at some convenient point. The truncated
function is an approximation to €; and is called the correction function,E; . If we limit
ourselves to only the product of the type p'ip’j for i=1,2, ....m and j=1,2, ....,m, but

i#j, then E; will be a second order function. This second order function, E; contains n

unknowns given by :

m(m-1)

ng min= " o (15)
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In order to determine the second order correction function, E; model responses are obtained
at n, additional check points, where n¢ is greater or equal to n¢ min. The additional check
points can be selected randomly or in a deterministic way. It can be shown that the form of

the second order correction is:

m-1 m

E;= Z € G-nem PP’k
=1 k=j+1 AR

(16)
The "e" coefficients can be derived from a set of n, linear equations with n; ;, unknowns.
A multiple linear regression technique based on equation(16) can be used to estimate the
"e" coefficients. Modification to the response surfaces can be accomplished by adding

equation (16) to equation (9). The resulting improved response surface is given by:
Fi = Cifilfi2"'fim + Ei i=1,2,3,...,n (17)

It is important to emphasize that the second order correction neglects all higher orders of
g;. There may be some situations where these higher order corrections are necessary. In
such cases, it is possible that the second order correction may even give poorer results than
not including any corrections. In situations like these, use of equation (9) may give
more accurate results than equation (17). More discussion on this important issue will

follow when we consider examples.

Third Order Correction:

In order to get more accurate results to the function E; we should consider the higher

order corrections. In this study we will limit ourselves to a third order correction. The third



order correction consists of all cross product terms of the parameters upto and including

the third order terms. The third order function E; is the summation of n.,y;, combination of

cross products, therefore we have n; ;, unknown coefficients. It can be shown that the

number of combinations, n; i, is given by:

3m(m— 1) 1{(m=-1D(m-2)
Nemin = > 2 > + le.] ]

The function E; for the third order correction is:

m—-1 m
E, = pIH m(ka)PJPk+ 2 Z 2 €;,8(m.j,k.HPPKP] +
j=1 k=j+1 j=1 k=j+l1=k+l

m
.2 ei,‘i(m,j,k)p} pi (1 _Sjk)

Where
5. = 1 j=k
70 j#k
) -D@2m-
a(m, j,k) = (j— )(2 J) _;

2 r=1
k—-j+1

B(m,j,k,l):m(m—1)+;{ [2m(m - j- 1)+_]]+Zr}

2m-k+j-2)+1-k

C N 1 (m-D(m-2) m
v(m,j,k)= +2[ > +

2
r2]+(m—1)(j—1)+8

r=1

(18)

19)

(20)

21

(22)

(23)

(24)
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Once again, "e" coefficients can be derived from a set of n_ (n.2n ;) linear equations
with n, ,;, unknowns. A multiple linear regression technique based on equation (19) can
be used to estimate the "e" coefficients. The modified response surface is given by equation
(17).

Estimation of Material Parameters:

Let U; be one of the n independent experimental observations. In order to make Uj
consistent with F';, we transform it into a nondimensional value, U'j. The relation
between Uj and U'; is given by:

U;
F

U= (25)

1

The subtraction of equation (25) from equation (17) yields a set of n nonlinear equations in

m unknowns.

F'l - U'l =
F'2 - U'2 = 0

(26)
F. -U,=0

In general equation (26) is seldom an equality due to the presence of approximation as well
as experimental errors. One method of determining engineering properties of the material

involves optimizing sum of squares of residuals, SSR defined by:

SSR = min {Z(F} - U'i)z} @7

i=1
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The expression for the SSR in equation(27) is used as an objective function and a nonlinear
optimization technique is used to solve for material parameters. Since F'jis an
approximation to @';, and F'; can be obtained from equation (9) which corresponds to the
original orthogonal response surface or equation (17) which includes higher order
correction, we can get different solutions in the vicinity of the real solution depending on
which expression for F is used. The SSR of these solutions is of the same order, thus
the minimum value of the SSR does not necessarily indicate the best solution. Of course,

the best solution can be obtained from the sum squares of the residuals which uses @'jin

equation (27), i.e.

n
SSR* = min Z((D'i - U'i)2 (28)

i=1

Where SSR* is the minimum residuals of the real response surfaces and the test results. It
is recommended to use equation (28) at these different optimum solutions suggested by
different versions of F; to obtain the best results. We will return to this question when

we consider example problems.

Transformation of Experimental Results:

As explained previously, the accuracy of function F'; may be high in some region on the
response surface and low in another region. This implies that the estimated parameters
will be high in accuracy sometimes and poor in accuracy some other times. Generally
speaking, the inaccuracy increases as we move away from the origin and parameter axes.
At the origin, the nondimensionalized F'; has a value of unity[cf. eq. (9)]. In some sense,

as the values of F'j change from unity the difference between the real and the response
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surface values( both corrected and uncorrected) tend to increase. Thus the values of F'j
can be used as a measure of this departure. This argument suggests that there exists a
function ®'; =®';(F;). Inverse of this transformation, F'j= Fi(®"}) is of particular
interest in our case. This relationship can be used as a transformation rule for experimental
values by replacing the real response, ®'; by experimental value, U'. If we denote the

transformed experimental value which corresponds to F'j by U*;, then we have
U*=U*,(U"). The transformation function can be obtained by conducting a polynomial

regression between F'j and @'; in some acceptable range, ®; p;, and D, ax > thus:
Fi= 2 g (29)
i

where "g;" s are regression coefficients. The corresponding transformation rule for the

experimental values is given by:

k

* _ 'j
Ui = 2 g5 (30)

=0

The value of U*; calculated from equation (30) can be used for replacing U; in equation
(26) and (27). This modification may significantly improve the accuracy of the parameters
obtained through optimization. We will explore this aspect in more detail when we consider

the example problems.

COMPUTER IMPLEMENTATION OF THE MODEL:

A FORTRAN program was developed to implement this inverse solution technique to
estimate material parameter values. This task involves several steps as shown in figure 1.

An interface program is used to transform the analytical or numerical results to a format
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accepatable to our inverse solution program. The inverse solution program uses model
response (either analytical or numerical such as FEM analysis) for the creation of the
orthogonal response surface. Higher order correction are implemented on to this
orthogonal response surface in the next step. Following this expeimental data are input
and a transformation is performed on these data to relate them to response surface points.
In the last step, an optimization procedure is carried out to obtain the best estimates of the
values of material parameters. This program allows for selection of any one of the

following optimization subroutines called from IMSL library:

1. Nonlinear least squares techniques,
2. Complex algorithm,

3. Quasi-Newton method,

4. Modified Newton Method,

5. Conjugate Gradient Method.

CASE STUDIES:
Two Parameter Model:
A simple two parameter material model is selected to illustrate the main features of this

technique. A cylindrical bar or soil column under uniaxial compression is considered. The

bar is made of a hypoelastic material with an incremental constitutive law given by(p

139,Desai and Siriwardane [17]):

do = (Ey + E|0)de 31
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where E; and E; are the material parameters of interest in this model, o is axial

stress(positive in compression), and € is axial strain. Integration of equation (31) yields:

(32)

where:

u = deformation of the bar (the contraction).
L = length of the undeformed bar.
Equation (32) will be used as a basis to build the response surface, F. The response

surface will be developed in the following range of parameters Ey and E;:

E min= 689.5 kPa (100 psi) Eg 0= 6894.8 kPa (1000 psi)
E, = 10.0 E, = 100.0
EO mid point=3792'1 kPa (550 pSl) El mid point'—‘ 55.0

The nondimensional parameters (equation 7) for this case are:

. 2(Ep = Eg mid point) . 2(E; = E{ mid point)
EO _ 0 0 mid point and El - El l_nlgd p(fmt (33)
1 max 1 min

EO max EO min

The response at the mid point of the parameters is(i.e. origin):

= L EO mid point + E1 mid pointci
Fi= In E (34)
El mid point 0 mid point



137

The nondimensional representation of the real surface is obtained by dividing equation (32)
by equation (34). The plot of the nondimensionalized real surface obtained by using an
applied stress of o= 689.5 kPa(100 psi), is given in Fig. 2. The approximation of the
surface without any higher order correction is shown in Fig. 3, and the error of this
approximation is shown in Fig. 4. The response surface describes the real function with
reasonable accuracy except at the corners. The error is particularly high as both

parameters (Eq and E;) approach their minimum values. The response surface for this case

which includes second order correction is:

F, = f1(E'9)f2(E') + ¢, EGE) (35)

where f| and f, are orthogonal polynomial functions of E'y and E'; respectively and e;

is second order correction coefficient . The function f'j, f; and the coefficient e; were

found as described previously.

The second order correction for this case was obtained by using the edge points, the mid
points of the lower and upper range for each parameter - a total of 16 combinations. The
response surface with second order correction is shown in Fig. 5, and the difference
between the real values and the response surface values is plotted in Fig. 6. The second
order correction decreases the error in the zones of high error (e.g. in the region near the
minimum values of E, and E1). However, this correction to the response surface increased
the error in some other regions where the error was negligible previously. The basic
assumption of the second order correction is that all higher order(third order and higher)
cross products are negligible. In this particular example, the plot of the error shown in Fig.

4 indicates a high curvature in a small region [in fact only about 3% region] where both
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parameters approach their minimum values. Thus, second order correction does not

represent the error properly everywhere in the region.

Effect of including the third order correction (TOC) was also examined for this two

parameter case. The form of the third order correction is:

’ 2 (36)
E; = ¢;;EoE, +¢;,EQE; +ei3EoE]

Figure 7 shows the effect of including third order correction on the response surface.
Inclusion of third order correction further reduces the error in the zone of high error (i.e. in
the 3% region where Eg and E; values are near or at their minimum). Figure 8 is a plot of
error when the third order correction is included. Comparison of this figure with figures 4
and 6 shows that although the response surface which includes third order correction
reduces the error in the zone of high error , the error in other regions does not necessarily

decrease. In fact, the error increases slightly in some areas.

In order to determine the material parameters(Eg and E;), seven different resoponse
surfaces were created using seven different applied stresses. The stress values used were
344.7 kPa (50 psi), 517.1 kPa (75 psi), 689.5 kPa (100 psi), 861.8 kPa (125 psi),
1034.2 kPa (150 psi\), 11206.6 kPa (175 psi) and 1379.0 kPa (200 psi). The adequacy
of the method is illustrated by 12 examples. Table 1 lists the parameter values selected for
the simulation purpose. The first set of parameter values are randomly selected. The other
eleven examples are based on parameter values along the diagonal, E'o=E';, The equation
(32) was used to calculate the real response. These values were used instead of the
experimental values in the optimization step. Since there is no experimental error in this

case, we should, in principle, get exact values of the assumed parameters back. Inaccuracy
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in the results is solely due to the inadequacy of the response surface. Five different initial
guess values of the parameters were considered in the nonlinear optimization process for
each one of these examples. The first initial guess values were the mid point values of the

parameters, three others were selected randomly and the fifth one was the exact solution.

The transformation equation was estimated using 50 random points of the real surface

using equation (29) as a basis for regression.

Example 1: Ejand E; were selected randomly:

The values of the simulated parameters were : Eg= 5666.1 kPa (821.8 psi) and E;=61.8.
The nondimensionalized real function value at an applied pressure of 689.5 kPa (100 psi)

is 0.80. The results of optimization are listed in Table 2.

Note that both uncorrected response surface and respose surface with third order correction
resulted very good solutions with negligible errors. However, the second order correction
yielded relatively poorer results. When the transformation based on equation(30) was
employed, all three correction methods yielded reasonably good results (Table 3).
Transformation technique significantly improved the parameter estimation for the case in
which no correction was employed. This transformation was beneficial in reducing error
for the second order correction technique also, particularly at low parameter values.
However, the transformation technique was not quite as beneficial in the case of the third
order correction method. Even in this case the error in estimation of the parameters were
reduced slightly. Thus, in general transformation technique leads to more accurate

parameter estimation.
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It should be noted that this particular soil model shows large increases in response when
Ep and E; values are very small compared to all other values of Egand Ej. This portion
of the graph corresponds to only 3% of the parameter range (low values of the
parameters). This makes it difficult to generate a response surface which is good
everywhere in the region. Higher order corrections tend to predict the response better in
this region. In so doing, they become less accurate in other regions - especially at large
values of the parameters (see Figs. 3 through 8).  This is an unusal situation which
resulted in the uncorrected surface to generally estimate parameter values more accurately
than when the third order correction was employed along with the transformation
technique. In a well behaved system (i.e. no singularities or large increases in responses
for small changes in parameter values) the method which employs third order correction is
expected to yield more accurate pmaﬁeter valves. In fact, even very complicated models
do not show such singularities or large changes in a small region as we will see with a five

parameter Drucker-Prager model described below.

A Five Parameter Nonlinear Elastic Soil Model with Extended Druker

Prager Yield Criteria:

The elasto-plastic constitutive material model with Druker-Prager yield criteria is widely
used in geomechanics[45,46]. We assume that in-situ tests consist of plate penetration
tests using circular plates. Here we will not consider the actual field data. Analysis of the
field data to identify material parameters will be dealt later. We explore the feasibility of the
proposed methodology in this example for this fairly complex material model. A
commercial finite element program, ABAQUS was used in this study to obtain model

response. The orthogonal response surfaces were built using six parameters x,0,K,C,¢

and e.
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Two plates of diameters 50 mm(2 in.) and 100 mm (4 in.) were simulated, with applied
load ranging from 137.9 kPa( 20 psi) to 1034.2 kPa (150 psi) in increments of 68.9 kPa(
10 psi), a total of 14 tests for each plate. A response surface was built for each of those

tests in the following parameter range:

Kpin= 0.01  Kpax= 0.10 Kmid point= 0.19 No. of points= 9
Vmin= 0.05 V= 0.37 Vpmid point™ 0.21 No. of points= 9
K in= 060 Kq = 1.0 Kmid poin= 0-8 No. of points= 11
Chin= 9.0 Crax=21.0 Crid point= 150 No. of points= 9
Omin= 22.5 Omax= 47.5 Omid poinc= 35-0 No. of points= 11
emin= 0.6 €max= 1.6 €mid point= 1.1 No. of points= 11

A typical plot of the non-dimensional sinkage as a function of non-dimensional values of
parameter  for a 100 mm (4 in) plate subjected to 551.6 kPa pressure (80 psi) is shown in
Fig. 9. Note that all other parameters are held constant at their corresponding midpoint
values. Figures-10 through 14 are similar plots except that the dependent variable has been
changed to v, K, C, ¢, and e respectively. These curves show an extremely good fit
between the real response curve and the response curve obtained by the orthogonal

regression (R? >0.997 for all cases).

The graph of the real surface versus the orthogonal response surface without any
correction for a 100 mm (4 in.) plate subjected to an applied load of 103.4 kPa (15 psi)
is shown in Fig. 15. This graph consists of 55 orthogonal points and an additional 60
random points. Figure 16 is similar to Fig. 15 except that the applied load is 551.6 kPa
(80 psi) in this case. When the applied pressure is low, soil deformation is small and the
soil medium behaves similar to elastic material (in fact, in our case soil is modeled as
nonlinear elastic but if displacements are small even nonlinear behavior can be

approximated by linear behavior). In this case the real surface and orthogonal surface are
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almost identical (Fig. 15). As the load is increased, soil will yield and subsequent plastic
flow will take place as per the assumed model. Figure 16 reveals that under high load the
orthogonal response surface begins to depart from the real surface when non-
dimensionalized displacements are below 0.5 or exceed 1.5. Figures 17 and 18 are similar
to figures 15 and 16 except that a second order correction has been added to the orthogonal
response surface. These figures indicate that there has been only marginal improvements in
these curves (especially Fig. 18). Perhaps a higher order correction is beneficial especially
at high plate loads. Figures 19 and 20 are similar to figures 15 and 16 (also 17 and 18)
respectively, except that a third order correction has also been added to the orthogonal
response surface. Inclusion of third order correction has resulted in an orthogonal
response surface which is almost identical to the real surface even at high loads. This
indicates that an orthogonal response surface with third order correction can be used

reliably to predict the real response without having to resort to FEM analysis.

Parameter Estimation:

Since we are dealing with a nonlinear problem the solution is not necessarily unique.
Following recommendations may be used as a guide for selecting the best solution from

several optimum solutions resulting from the presence of "local minimums":

1. Discard all solutions that have a significantly high SSR (cf. equation 27).

2. Use more than one geometry (i.e. 50 mm and 100 mm diameter plates) and look for
optimum for each of the geometries and also the combination of all the geometries. Accept
those solutions which are approximately same in all cases. From a practical point of view

two plates will be sufficient.
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3. Reject any solution in which more than one parameters hit the bounds of the search
domain. The probability of more than one parameter hitting the bounds simultaneously is
low. If in fact, if this really is the case for several initial guesses, and the above two criteria

will be met.

4. In spite of these steps, if more than one optimal solutions are obtained, we recommend
the use of equation (27) to compute SSR. If the response surface with higher order
corrections has been properly verified as good (i.e. using figures such as 19 and 20
described earlier), then the solution which yields the minimum SSR should be accepted as
the best solution. If possible one could use equation (28) to compute SSR* to provide
additional verification. Although, such an approach is preferable, evaluation of equation
(28) requires some limited FEM analysis (i.e. one for each plate for each competing

solution).

To explore the suitability of this method to identify the material parameters of this complex
constitutive equation for soil, we selected five different random sets of parameters and
conducted simulation studies to obtain true response. Subsequently, these true responses
were used as inputs into to the response surface methodology to re-predict those
parameters. Since third order correction (TOC) to the orthogonal response surface appears
to be necessary to obtain reasonable results, we will only explore the situation in which
TOC is added to the orthogonal response surface. We chose five different random sets of
parameter values to be re-predicted using the optimization technique. These random sets

of points are as follows:

Point #1: =0.127 v=0.132 K=0.938 C=19.406  ¢=26.984 ¢=0.630
Point#2: ¥=0.011 v=0.343 K=0.611 C=16.813 $=31.305 =0.755
Point#3: x=0.056 v=0.146 K=0.946 C=16.512  ¢=28.985 e=1.095
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Point #4: =0.022 v=0.093 K=0.776 C=13.893 0=41.297 e=1.049
Point #5: k=0.083 v=0.233 K=0.884 C=16.867 0=34.856 e=1.123

The initial guess values selected were the "exact solution", "mid point values” and a set of

five randomly selected parameter values listed below:

Point #6: k=0.356 =0.238 K=0.889 C=10.791 $=34.579
Point #7: x=0.131 v=0.297 K=0.996 C=45.693 $=23.932
Point #8: k=0.039 v=0.116 K=0.889 C=16.271 $=30.728
Point #9: x=0.110 v=0.088 K=0.610 C=20.472 $=23.566
Point #10: x=0.014 v=0.360 K=0.907 C=16.979 6=23.778

The re-prediction process was carried out using 50 mm (2 in. ) plate, 100 mm (4 in.) plate
and a combination of 50 mm (2 in.) and 100 mm (4 in.) plates. For each case we used the
exact solution and the mid point as initial guesses. The five randomly selected guess points
were used only for point # 1 for both plates and also the combination of plates. However,
for the 100 mm (4 in. ) plate all seven initial guess values were use to seek the optimum

solution for each of the five random set of parameter values.

The results of this analysis are listed in Table 4. An examination of the results indicates
that the reasonable solution with minimum SSE usually leads to good solution except for

point #4. Point #4 results in very large errors for both parameters K and v. However, an

examination of SSE indicates that none of the solutions is reasonable. Our suspicion is

that for this values of ¥ and v, the soil is extremely hard and deforms very little. Under
these circumstances, the nonlinear elastic model for soil with Drucker-Prager yield criteria

is perhaps inappropriate.
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In order to explore the effect of random noise on the optimization procedure, a random
noise derived from a normal distribution with mean zero and variance 0.01 was added to
the numerical displacement values(non-dimensionalized) derived from the FEM analysis.
This technique of adding a random, normal noise was thought to simulate the experimental
noise in real data. Rubinstein et al.(1994) found that the presence of noise did not have an
adverse effect on the accuracy of parameters identified. Although some of the parameters
were less accurate, others were more accurately predicted in the presence of noise. The
range of error in the estimated parameters were about the same as in the case where the true

model response was used.

DETERMINATION OF IN-SITU SOIL PROPERTIES:

Field tests were conducted during November, 1991 and September, 1992 using our
instrumented soil-test device in a Yolo loam soil in the vicinity of the U.C. Davis campus.
In November 1991 tests were conducted in an undisturbed soil using 50.8 mm (2 in.),
76.2 mm (3 in.), 101.6 mm (4 in.), 127 mm (5 in.), and 152.4 mm (6 in.) sinkage plates.
When we conducted the field tests we were under the impression that more than one
geometry (plate sizes) were necessary to obtain the engineering properties of soil by
theinverse solution technique. However, later we found that this is not necessarily the
case. Even use of one plate size appears to be sufficient. In this study, field test results
for 50.8 mm (2") and 101.6 mm (4") plates were only used to determine the engineering

properties of soil by the inverse solution technique.

Eight replicates were obtained for each plate. Sinkage test data were analyzed using

Recee's approach, i.e.

p=k(@n" (37)
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where
p = applied pressure
k = sinkage constant
z = soil sinkage
r = plate radius

n = empirical constant.

Table 9 lists the mean values of sinkage coefficients for each of the plate tested. The
values of k and n for the 50.8 mm (2") and 101.6 mm(4") plate were used in estimating
mean field response corresponding to a desired pressure for a given plate during the

optimization process to "identify " soil parameters.

Soil shear tests were conducted using two different grouser plates [Plate #1: 203 mm long
x 76 mm wide, and Plate #2: 178 mm long x 86 mm wide]. Each plate was tested at two
diffefent vertical loads and each test was replicated three times. Grouser plate test results
were analyzed using the following equation:

i
t={c+p*tan(®)l(1-e ¥) (38)

where

1T = shear stress, kPa

¢ = cohesion, kPa

p = pressure on the plate, kPa
¢ = soil internal friction angle
j = shear deformation, mm

K = shear modulus, mm
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A nonlinear regression technique was employed to fit the data to equation (38) and obtain

shear parameters. Maximum shear stress, Tmax for each test was calculated using the

following equation:

Tmax = C+ P *tan(¢) 39)

The analysis of the experimental data resulted in a mean value of cohesion of 11.5 kPa

and soil internal friction angle of 32.9 deg. for these tests.

Cone index, bulk density and moisture content data were also obtained in the test site. Eight
replicates of cone index profiles were obtained in the top 152.4 mm (6") layer. The cone
index values were averaged over the depth to get a representative cone index value for each
location. Subsequently, all eight replicates were averaged to get a mean cone index value
for this particular soil condition. Five bulk density and moisture content data were also
obtained in the test site. Average cone index value was 816 kPa, dry bulk density was
1510 kg/m3, and moisture content was 8.9% (dry basis). The void ratio was 0.755 based

on a particle density of 2650 kg/m3.

During September, 1992 only three sinkage plates were used for sinkage tests. Two
distinct soil conditions ( undisturbed and tilled/loose) were included in these tests. Once
again eight replicates of sinkage tests were obtained for each plate and analyzed using
equation (37). Sinkage parameters for the undisturbed and tilled soil conditions of the
" November 1992 tests are also listed in Table 5. Once again, the mean sinkage parameters
corresponding to 50.8 mm (2") plate and 101.6 mm (3") plate were used in estimating field

response for identifying Engineering parameters of soil.
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Shear test procedure as well as data analysis techniques were similar to the procedure
employed in analyzing the November, 1991 shear tests. The mean value of cohesion for
the undisturbed soil condition was 32.3 kPa, and the internal angle of friction was 27.2

deg. The corresponding values for the tilled soil was 22.7 kPa and 22.8 deg.

Moreover, soil bulk density, cone index and moisture content data were also obtained as
described for the November 1991 tests. The undisturbed (also referred as firm) soil had a
mean dry bulk density of 1510 kg/m3, moisture content of 5. 14 % (dry basis), and an void
ratio of 0.755. The loose or tilled soil had a dry bulk density of 1433 kg/m3, 4.55 %
moisture content (dry basis), and a void ratio of 0.851. The cone index data were

inconsistent and were ignored for these soil conditions.

Table 6 lists the Engineering parameters of soil estimated from the optimization process
which utilized the orthogonal response surface including the third order correction. Both
the best results based on SSE and SSR, and reasonable results based on our search criteria
are listed in Table 6 for all the three soil conditions. The best estimates of the cohesion and
soil internal friction angle values listed in Table 6 do not agree with the corresponding
values listed in Table 5, which are grouser shear test results.  This agrees with our
hypothesis that the grouser shear test provides geometry dependent soil parameters, but
not the basic soil constitutive property. Only the 101.6 mm (4 in.) plate was used for
"identifying" soil parameters through optimization. Figures 21 and 22 show the
experimental and simulated sinkage for a 101.6 mm (4 in.) plate obtained using back-
calculated soil parameters for September 1992 tests in an undisturbed soil (firm soil).
These results indicate that the estimated soil parameters are very good. However, when
these same parameters were used to compare the response of a 50.8 mm (2 in.) plate in the
same soil condition poor agreement was found between experimental and simulated sinkage

( Figs. 23 ). This plot indicates that the parameters predicted from 101.6 mm (4 in.) plate
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tests are unable (under predict) to predict the behavior of 50.8 mm (2 in.) plate in the field.
Similar results were obtained in the other soil conditions tested also. We feel that this is due
to the edge effect which is not included in our model. Use of an interface element at the
soil-plate interface appears to be necessary. Since 101.6 mm (4 in.) plate is less
susceptible to edge effect compared to the 50.8 mm (2 in.) plate, we feel the parameters
estimated from a 101.6 mm (4 in.) plate are more reliable. We recommend using a large

diameter plates in future tests.

CONCLUSIONS

Based on this study we reached the following conclusions:

1) A response surface methodology based on an orthogonal regression in the parameter
space has been developed to "identify" , or "calibrate" engineering properties of any
material based on in-situ tests. The orthogonal response surface was created from an
analytical or numerical(such as FEM) solution to the underlying differential equation of the
system which utilizes these engineering properties in a constitutive equation. A
transformation technique was developed to map the model response or experimental data on

to the response surface.

2) The proposed methodology worked very well (i.e. very little error) in the case of a two
parameter hypo-elastic model for soil. When the second order correction was included with
a transformation of data very small errors resulted in parameter estimation. Inclusion of
third order correction to the orthogonal response surface reduced the chance of large error

in parameter values.
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3) When this technique was used in the presence of random noise, the predicted

parameters were found to be insensitive to the noise.

4) When this methodlogy was applied to a complex five parameter model for soil
(nonlinear elastic behavior with Drucker-Prager yield criteria and associated plastic flow
upon yield), it appeared to work reasonably well. A third order correction to the
orthogonal response surface appears to be necessary to obtain reasonably good solution.
When both the logarithmic bulk modulus (x) and Poisson's ratio (v) are low, soil becomes
very rigid and the methodlogy will not yield a good solution. Under such circumstances,

perhaps the soil model chosen is inappropriate.

5) The response surface methodology was successfully employed to "identify"
engineering properties of soil based on field tests for different soil conditions in a Yolo
loam soil. We suspect that edge effect makes the parameter prediction using field data
corresponding to small plates such as 50.8 mm (2 in.) diameter plate inaccurate. Use of
larger plates such as 101.6 mm (4 in.) plate is recommended to reduce this edge effect.
Use of Teflon coated plate with beveled edges and slip elements at the plate edge in the

model may also increase the accuracy of parameter prediction.

The proposed methodology has not only applications in geomechanics, but also in other
areas such as biological engineering(plants and animal tissues, food products etc.) where
non-destructive in-situ tests are the only means of obtaining accurate estimate of

engineering parameters.
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Table 1. Parameter values used in the simulation studies
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Sequence True parameters values Nondimensional parameters
number values
E (kPa) E, E', E',
1 5666.1 61.8 0.604 0.151
2 999.7 14.5 -0.9 -0.9
3 1310.0 19.0 -0.8 -0.8
4 1930.5 28.0 -0.6 -0.6
5 2551.0 37.0 -0.4 -0.4
6 3171.6 46.0 -0.2 -0.2
7 3792.1 55.0 0.0 0.0
8 4412.6 64.0 0.2 0.2
9 5033.2 73.0 0.4 0.4
10 5653.7 82.0 0.6 0.6
11 6274.2 91.0 0.8 0.8
12 6894.8 100.0 1.0 1.0
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Table 2. Parameter values obtained through optimization for the cases when no correction

was included as well as the case for which second order and third order correction were

included
Without correction Second order correction Third order correction
% % % % % %

No.| error error SSE error error SSE error error SSE
of EO of El X 10—3 of Eo of El X 10—3 of EO of El X 10—3

1 1.34 | 0.07 |0.1810| 13.88 | 0.66 |[19.312| 0.95 1.48 10.3104

2 31.03 | 17.89 |124.01|31.03 | 0.65 |96.300| 1.88 | 4.32 [2.2190
3 |42.65 | 5.32 |184.74]|18.62 | 5.34 |37.538|17.13 | 3.30 |30.417
4 |17.55 1.84 |31.156] 1.34 | 2.56 |0.8340|17.02 | 2.21 |29.463
5 5.81 | 0.53 [3.3998| 3.83 1.12 }1.1594| 8.92 1.12 | 8.0740
6 1.19 | 0.14 [0.1448| 1.56 | 0.36 [0.2569| 2.38 | 0.37 [0.5784
7 0.03 | 0.00 [0.0001| 0.03 | 0.00 [0.0001| 0.03 | 0.00 }0.0001
8 0.71 | 0.03 [0.0503| 4.55 | 0.56 [2.1033| 1.85 | 0.44 |0.3632
9 2.52 | 0.27 |0.6448] 1498 | 17.23 |52.147} 1.01 1.74 ]0.4030
10| 463 | 0.43 [2.1586]28.31 |[19.59 |185.15| 3.06 | 0.15 }0.9370
11 | 14.06 | 9.50 |28.790|44.41 | 7.77 |203.25]|15.69 | 8.03 |31.064

12 | 8.34 | 0.00 |16.9556]|66.85 | 0.00 |446.88{25.21 | 0.08 [63.575
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Table 3. Parameter values obtained through optimization when transformation technique

was employed

Without correction Second order correction Third order correction
% | % % % % %
No.| error | error SSE error error SSE error error SSE
of EO of E] X 10—3 of EO of El X 10—3 of EO of E] X 10-3

1 0.86 | 0.24 |0.0798| 198 | 0.33 |[0.4030| 1.78 | 0.55 [0.3456
2 4.09 | 2.83 |2.4780| 2.81 1.88 |1.1470| 0.56 | 0.09 {0.0395
3 1.49 | 3.92 |1.7567| 2.79 | 0.09 |0.7796| 2.06 | 5.47 |3.4132
4 5.48 | 2.83 |3.8048| 0.06 | 1.75 [0.3060| 9.12 | 4.33 |10.202
5 | 4.59 | 2.39 |2.6734| 2.47 | 2.62 |1.3003| 5.98 | 2.49 |4.1949
6 4.14 | 1.49 [1.9347| 2.01 | 0.71 10.4562] 3.95 | 0.78 |1.6195
7 0.27 | 0.14 |0.0091| 0.89 | 0.47 |0.1014{ 4.35 | 0.50 [1.9139
8 2.69 | 1.04 }0.8321]| 2.45 | 0.69 [0.6496| 9.73 | 0.65 [9.5151
9 2.30 | 0.59 |0.5612| 4.38 |10.15 [12.225| 9.22 | 0.37 |[8.5214
10 | 0.15 | 1.13 {0.1288| 14.03 |21.95 |67.882]| 1.93 | 2.44 |0.9664
11 | 3.36 | 4.98 |3.6090|22.54 | 9.89 |60.572| 9.50 | 9.54 |18.118

12 | 0.00 | 2.47 [0.6082| 18.51 | 17.95 |66.497(20.26 | 0.44 |41.064
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V.5.1 DETERMINATION OF ENGINEERING PROPERTIES OF SOIL
IN-SITU

Shrini. K. Upadhyaya
Professor

Department of Biological and Agricultural Engineering
University of California, Davis CA 95616

SUMMARY:

Soil-tire/Soil-track interaction is of particular interest to researchers involved in off-road
mobility and traction research. This includes scientists and engineers involved in research
in the field of agriculture, construction, forestry, military, and mining. In agriculture and
forestry soil compaction caused by traction devices is also a serious concern. A sound
mathematical model is a pre-requisite to obtain a clear understanding of the soil-tire/soil-
track interaction process. A key ingredient for any such model is a constitutive relationship
which describes the stress-strain behavior of soil. Any suitable constitutive model requires
soil physical properties which describe the elastic behavior of soil, onset of yield and
subsequent plastic flow, material hardening or softening rules etc. Since in-situ soils
seldom behave like remolded laboratory soils or disturbed field sami)les, it is important to
"identify" or "calibrate” the engineering properties of field soil by means of in-situ tests.
The technique of obtaining material parameters based on actual system response is known
as "back analysis", "inverse solution", "identification"”, or "calibration procedure”. For
complex problems such as soil-traction device interaction where closed form analytical -
solutions do not exist a numerical technique such as a finite element technique is
commomnly used to solve underlying system differential equation. For such cases the
back analysis procedure can take one of the two forms: (1) inverse method, and (2) direct
method. This paper addresses the advantages and disadvantages of such techniques, and
discusses a new technique which overcomes some of their limitations. This new technique

consists of developing a so called "response surface” in the parameter space and then using
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Table 5. Sinkage parameters obtained from filed tests conducted in a Yolo loam soil.

Test Soil* Plate Sinkage™* Sinkage Overall

Date Condition Size, mm Constant,k Constant, n R2

kPa
November, Undisturbed 50.8 695.6 0.609 0.774
1991 C=11.5 kPa 76.2 819.6 0.84 0.921
0=32.9 deg. 101.6 1091.2 0.828 0911
MC=8.9% 127.0 778.3 0.767 0.743
p=1510, kg/m3 152.4 1054.4 0.971 0.942
e=0.755
September, Undisturbed 50.8 959.5 0.646 0.776
1992 C=32.3 kPa 76.2 921 0.499 0.715
0= 27.2 deg.

MC =5.14% 101.6 1839.4 0.992 0.934

p=1510, kg/m3

e=0.755
Tilled 50.8 607.6 0918 0.776
=22.7 kPa 76.2 605.6 0.776 0.875
0=22.8 deg.
MC=4.55% 101.6 796.7 0.958 0.875

p=1433, kg/m3

e=0.85

* C = cohesion; ¢ = soil internal angle of friction; MC = moisture content, dry basis; p= bulk density;
e = void ratio.
** Logarithmic mean of all eight replicates.
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Table 6. The parameter predictioh from the soil tests

Test Description Best Results Reasonable Results | Reasonable Results
No. 1 No. 2
Test #1 k=0.0545 k=0.0446 k=0.0638
Undisturbed Soil 1v=0.1310 1v=0.2089 =0.0983
November, 1991 K=0.7124 K=0.8928 K=0.7955
C=12.348 kPa C=11.371 kPa C=15.344 kPa
$=22.5 deg. $=22.5 deg. ¢=22.5 deg.
SSE=0.00380 SSE=0.00490 SSE=0.02146 *
SSR=0.00249 SSR=0.00601 SSR=0.01295
Test #2 x=0.0513 k=0.0225
Undisturbed Soil v=0.159 v=0.370
September, 1992 K=0.7365 K=0.8950
C=14.321 kPa C=15.068 kPa
=28.333 deg. $=26.050 deg.
SSE=0.00665 SSE=0.01332 *
SSR=0.00089 SSR=0.00345
Test #3 x=0.1037 x=0.0505
Tilled Soil 1v=0.1859 1v=0.370
September 1992 K=0.6247 K=0.8993
C=8.997 kPa C=16.516 kPa
$=31.820 deg. $=25.247 deg.
SSE=0.00378 SSE=0.00444
SSR=0.00016 SSR=0.00337

* Relatively high SSE indicating an unreasonable solution.
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Figure 2. The plot of real function in E, - E; space
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Figure 7. Plot of orthogonal response surface in E; - E; space when a third order

correction was included



168

<5 ~
~ \4.5
4-; \4

AN

AN
[1]]]

AN

AR

=40
™
X

//]]]

A

E

Figure 8. plot of error in Eg - E1 space when a third order correction was included.



169

R2 =1.0000

1.8 7
1.7
1.6 v
1.5

14 r/ /
1.3 l/
1.2 =
1.19 L
1.0 3 -
0.9 7
0.8 3
0.7
0.6

Nondimensional Plate Sinkage

0.5 3 o
0.4 3

L
0.3 3
-1.0 -0.9 -0.8 -0.7-0.6 -0.5 -0.4 -0.3 -0.2 -0.1-0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Nondimensional Parameter Values

Figure 9. Plate sinkage vs. nondimensional values of parameter K for a 4 in plate subjected
to 80 PSI applied load
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Figure 12. Plate sinkage vs. nondimensional values of parameter C for a 4 in plate
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Figure 13. Plate sinkage vs. nondimensional values of parameter ¢ for a 4 in plate
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Figure 15. Response surface vs. real surface for a 4 in plate subjected to 15 PSI pressure -
without correction
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Figure 18. Response surface vs. real surface for a 4 in plate subjected to 80 PSI pressure -
using second order correction
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Figure 19. Response surface vs. real surface for a 4 in plate subjected to 15 PSI pressure -
using third order correction
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Figure 20. Response surface vs. real surface for a 4 in plate subjected to 80 PSI pressure -
using third order correction
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Experimental results correspond to September 1992 tests.
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V.5.2 EXPERIMENATL VERIFICATION OF THE RESPONSE SURFACE
METHODOLY.
This project was under taken by Mr. Sime as a part of his PhD thesis project. Publication #
7 and 8 deal with this subject. A Critical state soil constitutive model known as the
modified Cam clay model was considered in this study. As mentioned earlier, publication

#8 is a comprehensive treatment of this subject which is included below.

DEVELOPMENT AND EVALUATION OF PARAMETER ESTIMATION
TECHNIQUE USING RESPONSE SURFACE METHODOLOGY
_ Muluneh Sime and S. K. Upadhyaya
Department of Biological and Agricultural Engineering, University of California, Davis CA
95616 USA

Abstract:

An inverse solution technique based on response surface method for estimating
three Cam Clay model parameters ( A, M, e ) was developed. The parameter values
obtained using the inverse solution technique were compared to those obtained through
conventional tests for four different soil conditions. The method identified the parameters

reasonablly well in all four cases.
INTRODUCTION AND REVIEW OF LITERATURE

Soil-tire/track interaction of off-road vehicles is of considerable interest because of
its implication on traction and soil compaction. An increase of one percentage point in the
tractive efficiency leads to an annual savings of over 100 million liters of fuel in the U.S.

alone [1]. Compaction changes bulk density, soil strength and pore size distribution.
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Changes in these factors can adversely affect yield due to restricted root growth, seedling
emergence and reduced movement of gases, water and nutrients [2]. Accurate evaluation
of engineering properties of terrain plays an important role in predicting the performance of
off-road vehicles. Rubinstein et al., [5] developed an inverse solution technique for
determining properties of soil in-situ using a response surface methodology. A Drucker
Prager soil constitutive model was used in their study. However, they did not provide any
experimental verification. Sime and Upadhyaya [6] evaluated the performance of the
inverse solution technique using a modified Cam Clay model. They found that for the type
of loading they investigated the variations in the elastic parameters were not important in
the load-deformation relationship.

The objectives of this study are (i) to determine engineering properties of soil based .
on the modified Cam Clay constitutive relations using an inverse solution or back analysis
technique; (ii) to verify this back analysis technique based on data obtained by conducting
triaxial tests as well as one dimensional compression tests on remolded soil. A response
surface was built based on load-deformation results obtained using a one dimensional Cam
Clay compaction model and an orthogonal regression technique. The main advantage of
the proposed Response Surface Method (RSM) is once the response surface is created
using numerical or analytical methods the subsequent estimation of deformations can be
accomplished using this response surface. Here it is worth noting that, although our
attention is focused on a particular soil model the response surface methodology as

proposed is applicable in other fields of study as well.

Critical State Concept and Cam Clay model: The variation of soil critical state
parameters with water content has been investigated by several researchers. Leeson and
Campbell [7] reported that the effect of moisture content on critical state parameters based
on laboratory compression test results on a loam and a sandy loam soil. As the water

content and degree of saturation of a soil increased, the gradient of the virgin compression
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line, expressed in terms of specific volume and log of mean effective pressure, increased
and its intercept decreased. Moreover, they indicated that the position of the critical state
line also varied with soil water content and that the critical state theory can be extended to
unsaturated soils. One of the models based on the critical state concept that can be applied
to unsaturated soils is the modified Cam Clay model and its yield surface is defined, in

terms of total stress as follows:

2 2
f(p.0)=(2-1) +(5 | -1=0 0

1-J¢
a = agy exp| (1+60)m

1 e, —en—KIln
a0=—2—exp( 1 7(3—1( po)

where p , is the initial value of the equivalent pressure, s the plastic part of the

ratio of current to initial volume of the soil, e ; is the initial void ratio, k¥ and A are the

logarithmic bulk modulus and the slope of the virgin compression line in the void ratio vs.
In p space respectively and e , is the intercept of the virgin consolidation line in the same

L1 1}

space. Moreover, "a" defines the size of the yield surface, a defines the position of "a" at

the beginning of the analysis, M is the slope of the critical state line in the p-q plane.

Inverse Solution Technique: A mathematical model for the analysis of geotechnical
system rests on the knowledge of a the system and suitable idealization of its geometrical
and physical properties. When the external inputs in a system of interest are simulated the
model provides the response of the system. In general, however, the model prediction will
not coincide with the real geotechnical response. Cividini et al., [8] pointed out two
sources of prediction inaccuracies: (1) approximations in modeling and numerical solution
procedures and (ii) inadequate knowledge of some aspects of the geotechnical system, the
latter source of inaccuracy generally being much more significant. As a result, there has

been much emphasis on the back analysis technique, also known as system identification
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methods, which, by analyzing system experimental behavior, might lead to a reduction of

model uncertainties [8,9,10].
THEORETICAL DEVELOPMENT

Model Development: Consider a soil body confined in a cylinder subjected to an

axial stress 6 ,. An elemental free body diagram is shown in Fig. 1. Friction along the

wall of the cylinder can be neglected because (i) relatively large diameter was used; (i) oil

was used as a lubricant to reduce friction. Summing forces in the z direction gives:

acz
—oZdA+ oz+a—Z—dZ dA =0

99, _
3 (2)
G = constant 3)
where dA is the infinitesimal area.
Oy
_ z
B EE R z[
r
Gr—cz- < . dz

PRERrTh
G, +(d0;D z)dz

Fig. 1. Elemental analysis of the one dimensional model
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Equation (2) is the equilibrium equation for the one dimensional system under
consideration. If we propose that behavior of soil can be represented by a modified Cam

Clay model one can show that the total strain in the axial (Z) direction may be given as

1 oF
de, =—(do, —-2vdo, ) +L 4
‘ 3K(1—2v)( g 2 00, @
dp '
L= Y (5)
2 p,(1+e)
M=(2p pv)( " )
where

dez = incremental total strain in the axial direction

K = elastic bulk modulus

dcsr = incremental radial stress

L = hardening parameter representing the material parameters
as shown in equation (5).

dp, = yield size increment.

F = yield function assuming associated flow rule

P =point at which the yield surface crosses the p axis to the right of the origin

Pt = total equivalent stress

If the axial deformation in the z direction is denoted by w, we can represent

ZdeZ =g, by %Vzl Solving for w, we can obtain give the response of the soil body (for

a given set of material parameter values assumed to be known) under the applied load.
Thus w is a function of assumed material and state parameter vector (x), {i.e. w=w(X)}.
The actual values of the response under the same loading conditions and similar geometry

can be obtained by conducting laboratory experiments or in-situ tests. If w*is a
corresponding observed response (o w(x), then e = [ w":. - W, ] is a measure of error in

the ith observation. An objective function such as ¢ = Ze,-z (i.e. summation over all

+In all our discussions we will be dealing with total stress space unless specified otherwise.
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observations) can be optimized using a nonlinear optimization technique ([9,11]. The
objective function, ¢, will be a nonlinear function of material parameter vector, X. Our
intention here is to develop a method to determine modified Cam Clay parameters for soil
on the basis of in-situ tests. This will essentially calibrate the model parameters to field
values. However, there is no known way to verify the method using in-situ soil.
Therefore, remolded soil will be used to verify the methodology. Modified Cam clay
parameters of the remolded soil will be determined using our inverse solution technique and

conventional laboratory tests.

Response Surface Development: We refer the reader of this article to two recent
papers [5,6] for a detailed description of the procedure followed in the creation of the
response surface. The process can be summarized as follows:

1. Develop a response surface based on numerical or analytical solution to the governing

differential equation of the system using an orthogonal regeression technique.
2. Incorporate a third order correction to this surface to make the response surface as close
to the

real surface as possible everywhere in the region.
3. Map the experimental results on to the response surface using a transformation
technique.
4. Optimize the mapped experimental results against the response surface prediction to

obtain engineering parameters.
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EXPERIMENTAL TECHNIQUE

The intent of the laboratory experiments was to determine the Cam Clay parameters and
evaluate the inverse solution procedure by comparing the values predicted by this method
with those obtained through experiments. Two soil types, Yolo Loam and Capay Clay,
were investigated in this study. The moisture levels of the soils were chosen as 5% and
10%. Once the sample was prepared vacuum triaxial compression tests and one
dimensional compression tests were conducted to estimate the Cam Clay parameters. The

particle density was assumed to be 2650 kg/m3.

Table 1. Description of soil conditions for the soil sample used in vacuum triaxial

compression tests.
soil type average moisture | average dry bulk average degree of
content density saturation

- % (kg/m?3) (%)
Moist Capay Clay 9.4 1258.5 22.6
Dry Capay Clay 5.2 1315.8 13.6
Moist Yolo loam 9.0 1193.6 17.0
Dry Yolo loam 4.3 1188.8 9.2

Determination of Cam Clay Parameters

Parameter M: To estimate the values of the slope of the critical state line, M and the
intercept of the normal consolidation line, e, in e log p space, a vacuum triaxial test was
conducted on the soil samples. The values of total mean stress, p and the deviatoric stress,
q at ultimate (failure) conditions at five different confining stresses (6.6, 10.0, 13.4, 16.8,

20.2 kPa) were determined. Also, to determine the void ratio at failure the diameter of the
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Joaded specimen was measured at five locations along the height of the specimen at failure.
These diameters were then averaged to estimate the lateral strain in the specimen. With the
knowledge of the axial strain (i.e. axial strain at the end of the test), the volumetric strain
was estimated from which the void ratio at failure was calculated. When no confining
stress was applied to the specimen the strength of the soil was found to be zero or very
close to zero. The deviatoric shear stress, g, which is the same as the applied load for this
case was plotted against axial strain/deformation and curve fitted through a polynomial
regression to describe the behavior of the soil under this loading condition. The peak
values of q associated with each level of confining stress were then picked from the fitted
data and the corresponding value of total mean stress, p were calculated as shown in

equation ( 11).

q¢+30
Ps =_i-3—-3- (11)

where p ¢ is mean total stress at failure and q is the peak deviatoric stress at failure. q

andp, were then curve fitted using a simple linear regression analysis. The slope of this

fitted line is assumed to be the value for M, the slope of the critical state line in p vs. q
plane. Since vacuum triaxial tests were recommended for fine, very dry soils (sand) it was
necessary to investigate the effect of applying vacuum on the moisture content of the
specimen. This was accomplished by measuring the moisture content of the soil before and
immediately after each test. It was found that for the levels of vacuum applied and the
moisture levels under consideration the change in moisture content was insignificant. The

loading rate of the specimen was maintained at 0.508 mm per minute (0.02 in per minute).

Parameter ¢: In modified Cam Clay model if mean effective pressure, p' ¢, at failure

is known, the fixed ratio of p'  to p' 4 can be used to determine the size of the yield

surface. As described earlier the void ratio at failure can be determined by measuring the
changes in the dimensions of the specimen at the end of the test. The following relations

can be used to calculate the intercept in e-In p' space (Fig. 2).
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ef =e;—Alnp,+xin g"’—
Ps

Replacing the mean effective stress by their respective total mean stress and solving fore,

we get

e; =€y +7\,lnpv+lcln[-gl] (12)
f

CSL = critical state line

e, = void ratio -intercept in e-ln p' space

e ;= void ratio at failure

P P = effective stress at failure

p'y =size of yield surface (hydrostatic pressure) when failure occurred, computed using

equation 3).

CS

v

e \
N
In p'
\"
Fig. 2. e -In p' plot

Parameter \: One dimensional (1-D) compression tests were conducted to determine

the slope of NCL. A remolded soil with known moisture content and density was prepared



193
in a cylinder of 190.5 mm (7.5 inches) diameter and 198.4 mm (~8.0 inches) height. The
soil was subjected to compressive loading with a circular plate of ~7.5 inches diameter
(clearance provided). The applied loads and the responses were recorded using a digital
data recorder. The loading rate was always maintained below 1829 mm (72 inches) per
minute. This is based on the recommendation of the American Society of Agricultural
Engineers (ASAE) standards for cone index determination. Three replicates of one
dimensional compression tests were conducted on Yolo Loam and Capay Clay soils at two
levels of moisture contents as described earlier. Later it was found that the tests conducted
were well reproducible. Hence, we decided to use two of the three replicates to establish a
load deformation relationship via polynomial curve fitting for use in the optimization
process. The equations obtained were used to estimate the mean response toapplied
pressure which was used in the optimization process to estimate the soil parameters. The
other remaining observation was used for the estimation of the slope of the NCL (A) by
plotting the void ratio against the log of the total axial stress. The experimental results are

listed in Table 2.

Table 2. Experimentally obtained parameter values

¢ o

soil A M |OCR

Moist Capay Clay | 0.077 |2.50| 6.44 | 1.431]1.092

Dry Capay Clay | 0.037 [2.47]2.90 |1.268]1.135

Moist Yolo loam |0.15 [2.14]4.56 |1.74811.135

Dry Yolo loam 0.11 ]2.36]6.35 {1.659]1.175
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Inverse Solution: In order to estimate the three soil parameters (A, M, e 1), sixteen

different response surfaces were created using sixteen different pressure levels starting
from 200 kPa upto 650 kPa with an increment of 30 kPa. A response surface was built for

each pressure level in the parameter space shown in Table 3. The over consolidation ratio

(OCR) was used as a substitute for e , for the creation of the response surface. The
difficulty associated with the use of €, is that its value is affected by a change in any one of

the other parameters for a given initial yield surface. Therefore e | is calculated after an

acceptable OCR is obtained as a solution using the following expression.
e, =€, + Alnp , +(A- x) In(OCR) (13)

wherep , is the initial total volumetric stress.

Table. 3. Parameter ranges used in the creating response surfaces.
A M OCR o

minimum | 0.02 1.0 1.0 0.6

maximum | 0.16 4.0 11.0 1.6

mid point | 0.09 2.50 6.0 1.1

Each range was divided into eleven equally spaced values. Each parameter was normalized
to the same range [-1,1]. We recall that during the response surface creation all but one
parameters were held constant at the mid point values of their respective ranges.

Fig. 3 shows a typical plot of the response surface and real surface at a given load.
All such plots for the sixteen load levels have shown extremely good fit between the real
surface and the response surface. These results imply that the response surface can be used
to estimate real surface with a very high degree of accuracy. The sets of points shown in
Table 4 hereafter referred to as "set #i" were randomly selected to study the robustness of

this methodology. The deformation obtained using these values are treated as "check
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values" to see if the response surface methodology described could predict the same
parameter set back. The objective of parameter identification procedure was to choose a set
of parameter values in an admissible parameter set such that the solution corresponding to
the chosen set of parameter values agrees with the measured value. We used the
preselected four parameter sets to be able to compute the actual sum of square of error and
SSE (Tables 5(a) and (b)). However, since in a real situation the true solution is not
known apriori, our decision would be based solely on the minimum sum of squares of the
residuals. Several reasonable solutions result in the same amount of deformation. We
shall consider set #1 as an example. There are six reasonable solutions with initial guesses
different from the "exact" set of parameters in set #1 (Table 5 (a)). Among the six sets of
the reasonable solutions, solutions #3 appears to be the "best". (i.e. low percent error and
hence low SSE). Nevertheless, the SSR associated with this particular solution set is not
the least among the six reasonable solutions in set #1. Since in a general situation we have
no knowledge of the SSE one is opt to pick solution #1 as the "best" since it has the
minimum SSR.

The parameter values obtained from the optimization were used in a one
dimensional modified Cam Clay model, (i.e. model used to create the original response
surfaces) to evaluate the deformations that occur for the various possible solutions. All the
possible solutions for a given set of parameters shown in Table 4 have resulted in the same
amount of compression. Fig. 4 shows the plots of predicted compression using the
reasonable parameter sets associated with set #1 ( Table 5(a)) versus the compression
obtained using the exact value of set #1 in Table 4. Thus, there exist several set of
parameter combinations that result in the same amount of deformation for different soil
conditions. For strictly sinkage oriented studies, therefore, the error introduced by picking
one of the possible solutions as the "best" solution may not affect the resulting compression
under a uniaxial load. Table 5 shows that the lowest sum of squares of the residual (SSR)

does not necessarily correspond to the lowest SSE. This is because there is a slight



deviation between the real surface and the response surface as illustrated in Fig. 3.
However, the best solution selected based on the lowest SSR was close to the solution with

the minimum SSE.

Table 4. Randomly selected parameter values for the robustness of the methodology.

A M OCR €o

0.07972 |2.92843 [2.99079 ]0.75734 set #1

0.13824 1.43470 [2.96097 0.81446 | set #2

0.08937 |3.8194 2.7284 1.57683 set #3

0.10434 1.32790 | 3.95823 0.77411 set #4

y =4.9310e-4 + 0.99948x R”2 = 1.000

3
5]
g 2
2
Q ﬂ’
§_1
8
0
0 1 2 3

real surface

Fig. 3. Response surface vs. real surface for axial load of 410 kPa

The parameter values listed in Table 2 were used in the 1-D model to estimate the
deformation. This model deformation mapped with the experimental deformation was used
during optimization to evaluate how well the inverse solution technique can predict the

experimental parameter values. Table 5(b) shows the percent error associated with
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admissible solutions obtained during this process. Except in the case of moist Yolo loam
soil, which has a relatively higher percent error, the other three soil conditions have given a
"unique" solution with significantly low percent error. It is also worth noting the closeness

of the order of magnitudes of associated SSR.

22
=)
£ o
=] 20 otH ha B solution 1
S Q
g 18 o U © solution 2
E 16 L o B solution 3
% B H © solution 4
% 14 g - O solution 5
3 12 O solution 6
=i
2] =
e 10
10 12 14 16 18 20 22

real deformation, mm
Fig. 4. Predicted deformation using reasonable solution vs. deformation obtained using

parameter set #1
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CONCLUSIONS
On the basis of this study we reached the following conclusions:
1. The proposed response surface method and inverse solution technique was used to
predict the Cam Clay parameters reasonably well. |
2. The Cam Clay parameters for two soils at two different moisture contents were
determined by conducting vacuum triaxial and one dimensional compression tests.

3. For sinkage oriented studies where plastic deformation is predominant the Cam Clay

parameters A, M, and e , play a major role in controlling deformation. Elastic

parameters have very small or negligible effect.
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Table 5a. Percent errors, SSE and SSR associated with reasonable solutions to estimate
the preselected set of points (set #1).

Set # Reseaonable %error | % error | % error SSE SSR
solution # A M OCR

1 1 0.17 7.15 5.09 0.0077076[0.0000175
2 0.43 57.93 41.12 0.504757 0.0000448
K] 0.11 1.04 0.00 0.00011030.0000545
4 0.23 10.65 6.12 0.0150950 0.0000883
5 0.19 18.33 11.14 0.0459988 0.0000968
6-mid point ig. | 0.12 2.45 0.85 0.0006747 0.0000607
7-exact ig 0.09 0.05 0.62 0.0000389 0.0000499
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Table 5b. Percent errors, SSE and SSR associated with reasonable solutions to estimate

experimental values.

Soil Reseaonable %o % % SSE SSR
solution # A M OCR
Moist clay 1(5)* 3.57 5.89 1.32 0.0049128 0.0007929
2-exact ig 3.57 5.89 1.32 0.0049128 0.0007929
Dry Capay Clay 1 1.12 13.47 4.85 0.0206106 0.0000942
2 1.00 11.59 3.80 0.0149773 0.0000950 |
3 0.90 10.92 3.24 0.0130588 0.0000956
4 0.91 10.28 3.00 0.0115521 0.0000959
5 1.25 2.19 0.43 0.0006535 0.0001003
6 1.46 5.97 4.42 0.0057380 0.0001193
7-exact ig 1.24 0.15 1.55 0.0003971 0.0001044
Moist Yolo Loam 1 10.13 15.56 21.87 0.0823113 0.0831645
2 10.42 15.47 22.35 0.0847488 0.0831824
3 10.15 20.36 23.32 0.1061630 0.0832123
4 10.06 21.17 23.49 0.1101030 0.0832171
5 10.39 11.65 20.65 0.0681899 0.0832592
6 10.07 16.35 21.91 0.0848697 0.0832741
7-exact ig 10.48 17.72 23.11 0.0957901 0.0832197
Dry Yolo Loam 1@4) 4.37 6.07 3.24 0.0066500 0.0012020
2-exact ig 4.38 6.39 3.38 0.0071444 0.0012019

ig = initial guess

* = number of soluitons with the similar results



201

REFERENCES

1. Gill W. R., and G. E. Vanderberg (1968). Soil dynamics in tillage and traction.
Agriculture handbook NO. 316, U. S. Gvt. printing office, Washington, D. C.

511p.

2. Chancellor W. J. (1977). Compaction of soil by agricultural equipment. Division of
agricultural sciences, University of California. Bulletin 1881.

3.  Musick J. T., F. B. Pringle, P. N. Johnson, (1985). Furrow compaction for

controlling excessive irrigation water intake. Trans. of the ASAE vol. 28(2), pp-
502-506.

4. TFornstrom K. J., J. A. Michel, Jr., J. Borelli, G. D. Jackson, (1985). Furrow
firming for control of irrigation advance rates. Trans. of the ASAE, Vol. 28(2) pp.
529-531.

5.  Rubinstein D., S. K. Upadhyaya, M. Sime (1994). Determination of in-situ
engineering properties of soil using response surface methodology. Journal of
Terramechanics, vol. 31, No. 2. Elsevier Science Ltd. pp.

6. Sime M. and S. K. Upadhyaya. Experimental verification of an inverse solution
technique developed for parameter estimation. Presented at the 1994 ASAE Winter
meeting, Paper No. 94-1565. ASAE, 2950 Niles Rd., St. Joseph, MI 49085-9659
USA

7. LeesonJ. J., and D. J. Campbell (1983). The variation of soil critical state parameters
with water content and its relevance to the compaction of two agricultural soils.
Journal of Soil Science. Blackwell Scientific Publications. Oxford. vol. 34. No. 1
pp. 33-44.

8. Cividini A., G. Maier, A. Nappi (1983). Parameter Estimation of a static
geotechnical model using a Bayes' approach. Int. journal of rock mechanics,
mining science and geomechanical abstracts. vol. 20. No. 5, pp 215-226.

9. Sakurai s. and K. Takeuchi (1983). Back analysis of measured Displacements of
tunnels. Rock mechanics and Rock Engineering 16, pp. 173-180

10. Gioda G., A. Pandolfi, A. Cividini (1988) Comparative evaluation of some back
analysis algorithms and their application to in situ load tests (2nd international
symposium on field measurements in geomechanics, Sakurai (ed.) Balkema,

Rotterdam

11. Gioda G. (1985). Some remarks on back analysis and characterization problems in
geomechanics. Fifth Int. Conf. in Geomechanics, Nagya, pp. 47-61.

12. Arai K., H. Ohita and T. Yasui (1983). Simple optimization techniques for evaluating
deformation moduli from field observations. Soils Foundations 23 (1) 107-113.



202
V.5.3 MEASUREMENT OF SOIL PARAMETERS RELEVANT TO
TRACTION AND TRACTION TESTS:

These tests were originally planned as tasks to be performed during the first year of study
but later postponed to the second year because of the enormous effort that was necessary to
address the estimation of soil parameters in-situ using the response surface methodology.
Extensive field tests were conducted using four different radial ply tires, in two different
soil types and four soil conditions in each soil type. Within each soil condition, each tire
was tested using three axle loads and three inflation pressures. Soil parameters such as
sinkage constant and exponent, vsoil cohesion, internal angle of friction, shear modulus,
soil cone index, bulk density, and moisture content were obtained. Semi-empirical traction
prediction equation based on traction mechanics, dimensional analysis, and conservation of
energy principle were developed using the procedure outlined by Upadhyaya and Wulfsohn
(1993).

DEVELOPM NT OF SEMI-EMPIRICAL TRACTION PREDICTION
EQUATIONS BASED ON EXTENSIVE FIELD TESTS AND RELEVANT
SOIL PARAMETERS:

S. K. Upadhyaya M. Sime N. Raghuwanshi B. Adler
Professor Graduate Graduate Undergraduate
Assistant Assistant Assistant

Biological and Agricultural Engineering Department, Univ. Cal., Davis, CA 95616
Introduction and Review of Literature:
Upadhyaya and Wulfsohn (1989) conducted extensive field tests using the UC Davis single

wheel tire tester ( 3 tires x 2 soils x 5 soil conditions x 3 axle loads x 2 inflation pressures).

Using a nonlinear regression technique, they found that the traction test results always
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fitted equations of the following type with very high coefficients of multiple determination

(R?):

Ly = NT/W = a(l-e™%)
(n
T/(@W) = a (1-be®®)

Hgt

where a, c, a', b, and ¢' are soil, tire, and loading (inflation pressure and axle load) related
empirical coefficients. They found that ¢ was approximately equal to ¢' in all cases. They
used traction mechanics, conservation of energy principle, and dimensional analysis to
relate these empirical coefficients to soil, tire, and loading parameters. They had limited
success in relating these coefficients to soil parameters when only soil cone index and
moisture content values were used to represent soil type and conditions. They obtained the

following empirical equations:

a=0.311+ 0.067 (b/1) + 0.001 (Cy/p) + 1.089 (8) - 0.933 (Ci/p) (W/C;bl)2

1/c = -5.376 - 0.764 (aW/l) + 4.923 (b/l) - 211.152 {W/(C; bl)} (6) 2)
+ 101 (a/1) {W/(C; b))} + 32.646 () + 30.913 a

a' = 0.245 +0.411 (0) +0.474 a + 0.251(a/1) - 0.001 a (aW/1)2

b = 0.2993+0.5343 (a/a’) + 0.1336 {a/(al)} - 0.0002 (a/a')(aW/1)2

where 1 = contact length, m
p = inflation pressure, kPa

0 = moisture content in dry basis, fraction
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All quantities in equation (2) are expressed in SI units (i.e. length units are in m, forces are
in kN, pressures are in kPa ). The coefficients of multiple determination for parameters a,

¢, a', and b are respectively 0.61, 0.73, 0.71, and 0.76.

Realizing the inadequacy of using only soil cone index values to represent soil
characteristics (as in equation 1 above), Upadhyaya et al. (1993) developed an
instrumented soil test device to measure soil sinkage (sinkage constant, k, and exponent,
n), and shear (cohesion, C, internal angle of friction, ¢, and shear modulus, K)
parameters. Using these soil parameters, traction mechanics, and conservation of energy
principle, Upadhyaya and Wulfsohn (1993) developed empirical equations to predict
traction parameters a, ¢, a', and b. In deriving the theoretical basis for these equations they
assumed the soil-tire contact area to be elliptical in a 2-D space. These prediction equations

are of the following form”* :
a= 6.675 + 0.952 Ac Tmax - 19.208 Tmax K lw

l/c = -4.682 + 413.067{ a (E)/ Tax ) (KN +41.377 [aW/(Kdlo)] 3)

a' W = 8.527 - 15.793 (aWK/l¢) +10.943 [(aW)2/(Kqlc)

a'(1-b) = 0.921 - 13.269 x; + 4.681 x2 + 48.846 X12 -19.878 x32
- 23.078 X1 X2

where
A, = 2-D contact area, m2

Tmax = C + E) tan (¢), kPa

* Unfortunately the equations for a' and b’ contained a typographical error in the article published in the J.
Terramechanics.
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1w = contact width, m
K = shear modulus, m
K = tire stiffness in the tangential direction, kN/m

p = average contact pressure, W/A¢ , kPa

1. = contact length, m
X] = 8t /lc

Xy = [6g/ (n+1)}/ 1,
d = soil deformation, m

d; = tire deformation in the vertical direction, m

The coefficients of multiple determination for a, ¢, a', and b were respectively 0.82, 0.79,
0.92, and 0.84. However, these equations were based on limited tests. Only one tire
(18.4R38 tire) was tested in a tilled and untilled Yolo loam soil. Two levels of inflation
pressure (83 and 124 kPa) and three levels of vertical load (15, 21,and 27 kN) were
included in this study. The objective of this study was to extend this methodology to
several tires and soil type and conditions in order to obtain more general semi-empiricél

prediction equations.
Experimental Techniques:

During the summer of 1993 extensive field tests were conducted using the UCD single
wheel tester. Four radial ply tires** [13.6R28, 16.9R38, 18.4R38, and 24.5R32] were
used in this study. The tests were conducted in a Capay clay and a Yolo loam soil on the
UCD campus. In each of these two soils four soil conditions were created. A 240 m x 240
m plot was marked off in each field. This plot was divided into two subplots, one of
which was irrigated and the other was left dry. Both the irrigated (wet) and dry subplots

were further subdivided into two sub-subplots. One each of these sub-subplots was tilled

** We are grateful to the Goodyear Tire and Rubber Co., Akron, Ohio for providing these tires.
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and the other was left undisturbed. Each tire was tested in each of these soil conditions at
three levels of vertical loads (approximately 26, 20, and 14 kN) and three levels of inflation
pressures (64, 85, and 106 kPa). This test plan resulted in 288 traction tests. Each traction
test consisted of eight to ten runs using the UCD single wheel tester. During each run the
traction tester was parked in a given location and both the vertical load and slip were
selected according to the test plan. The tire moved from the rear of the tester to the front
during a given run. A data logger was used to record vertical load on the axle, draft load
generated, input torque, wheel speed, and true forward speed. In a given test, the first run
usually corresponded to the zero slip run ( Note that this may not be the true no slip run.
Our data analysis determined the true noload radius and zero slip conditions as described by
Upadhyaya et al., 1988). Susequent runs were conducted at increasingly higher level of
slip until the tire begins to slip excessively. The complete test plan consists of over 2500
traction runs! Each run was conducted on a new strip of land. Moreover, in each of these
soil condition plate sinkage tests, grouser shear tests, cone penetrometer tests were
conducted to obtain soil parameters related to traction. Furthermore, soil density and

moisture content data were obtained to quantify soil conditions.

In each sub-sub-plots eight replicates each of plate sinkage tests were conducted with a 100
mm and a 50 mm plate using our in-situ soil test device. Moreover, three replicates each of
grouser tests were conducted at two different vertical loads. Furthermore, eight replicates
of cone index values were obtained in each of these sub-sub plots. In addition, six
replicates of soil moisture content and bulk density data were obtained in each sub-sub-plot

at two different depths (37.5 mm and 112.5 mm from the surface) using core samples.

Results and Discussion:
Measurement of soil properties: Figure 1 is a typical plot of pressure versus plate

sinkage. This particular test was conducted in a tilled, wet Capay clay soil using a 100 mm
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plate. All eight replicates are ploted on the same graph. There is considerable variability

between replicates. Each replicate was analyzed using Reece's sinkage formula as follows:
p =k (z/b)" 4

where p = pressure

k; = Reece's sinkage constant

z = sinkage

b = minimum plate width.

Note Reece's approach makes the units of k; same as that of applied pressure, p. This
analysis gave us 32 values of kr and n in each soil conditions (eight replicates and four sub-
subplots in each subplot which was subjected to similar soil treatment). Since equation (4)
is linear in a log-log plane[i.e. log(p) = log (k) + n log (z/b)], a geometrical mean of ky was
evaluated using these 32 values and used in the later analysis. Values of ki obtained using
50 mm and 100 mm plates were used to scalé up the values of k; to actual tire conditions
assuming the following relationship between k; and plate width (Upadhyaya and

Waulfsohn, 1993):
kr=k1+kab (5)

If k) was less than zero it was ignored. This happened only in one soil condition (untilled,
wet Yolo loam) where k; large and highly variable. In this particular situation, it was a
small negative value but was treated as zero in our analysis. Simple arithmetic mean of the
sinkage exponent, n was evaluated since that is the representative value for this parameter.
Mean values as well as standard deviations of sinkage constants for all eight soil conditions

and both plates are presented in Table 1.
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Figure 2 is a typical plot of grouser test results. This particular test was conducted in a
Tilled, wet, Capay clay soil using a vertical load of about 60 kPa. The plot contains three
replicates each of vertical load, shear stress, and slip sinkage as a function of shear

deformation. Each shear stress curve was analyzed using the following equation:

T=Tmax (1 - €¥K) (6)
A nonlinear regression routine was used to obtain maximum shear stress, Tmax and shear
modulus, K for each replicate. In each sub-sub-plot, grouser shear tests were conducted
at two different vertical loads. In a given subplot, there were 12 shear tests (four sub-sub-
plots x three replicates in each sub-sub-plot) at high vertical load and 12 at low vertical
load. Harmonic mean of the 24 values of the shear modulus, K was evaluated to obtain a

representative value for this parameter because of the nature of equation (6). The 24 values

of Tmax » 12 at low vertical load and 12 at high vertical load, were analyzed using the

following equation to obtain soil cohesion and internal angle of friction:

Tmax = C + p tan () Q)

Values of cohesion, internal angle of friction, and shear modulus along with its standard

deviation are listed in Table 1.

Soil cone index data were analyzed to obtain average cone index values in each soil
condition in the top 150 mm layer of soil. Each mean value of soil cone index is an average
of 32 values (eight per sub-sub-plot x four sub-sub-plots in each sub-plot). Means and
standard deviations of cone index values are also listed in Table 1. This table also contains
the average moisture content and bulk density data in the top 150 mm of soil. Note that
each reading is an average of 48 individual observations (six at each depth x two depth in

each sub-sub-plot x four sub-sub-plot). We have also included the standard deviations of
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soil bulk density and moisture content in Table 1 to provide some idea of variability in these

values.

Traction tests: Figure 3 is a graph of a typical traction test. This plot corresponds to a
test conducted in an untilled, wet, Capay clay soil using a 18.4R 38 tire at 62 kPa inflation
pressure and 14 kN axle load. It is a plot of NT/W, T/fW, and TE as a function of slip.
Using a nonlinear regression technique, NT/W and T/ rW were fitted to the expression of

the type shown in equation (1). The expression for TE is given by:

NT

TE= [—2-] (1-) ®
W
In all 288 cases the experimental data fitted equation (1) with a very high coefficient of
multiple determination. 0.90 or higher (mostly above 0.97). We have obtained similar
results in our previous studies. Table 2 lists the empirical coefficients (a, ¢, a', and b')
obtained through non linear regression for all 288 cases tested. Upadhyaya and Wulfsohn
(1993) have outlined a procedure to relate these empirical coefficients to tire and soil
characteristics using traction mechanics, dimensional analysis, and prihciple of energy
conservation. Using this procedure and utilizing multiple linear regression following

expressions were obtained for the empirical coefficients.

aW=1.73+0.572*Tax * Ac +3.589* Tmax K*lw + 5.672*(1) 9
Kl’

[5t - 0183 [Q]l.m [

1717 [lc]1.743 [1c1w]4.193 [t
acW=0.881* I, 1,

0.685
E Ac max Ac]

1W
K]

(10)
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2

2W = 5.843 - 3.697 20K 4 11778 [—2)_ (11)
1, 294.1%1,

a'b = 0.053 + 0.865 a' - 1.488 x1+ 13.496 x,2 (12)

where K; is the Recee's sinkage constant, &; (m) is the total deformation (soil+tire), and O

(m) is the maximum soil deformation.

Figs. 4 through 7 are plots of experimental values versus predicted values for coefficient a,
c,a'and b'. The coefficients of multiple determination for a, ¢, a', and b were respectively
0.79, 0.71, 0.88, and 0.91. It was further found that a' and b' may be determined using

following simpler equations with out sacrificing much on accuracy. i.e.

a'=0.878 a + 0.187 (13)
b' = 0.91 (14)

The coefficient of determination for a' in equation 13 was 0.82.

From equations 3, 11,and 12 it is clear that equations for coefficients a' and b' are similar
for the more general case compared to the one obtained earlier. Equation for coefficient "a"
has an additional term which is related to soil sinkage and was found to be necessary to
account for different soil types and conditions included in this study. The coefficient ¢ was
the hardest to predict and needed several terms to account for various soil types and

conditions and tire sizes.

Simulation studies were conducted using 15 randomly selected test conditions. Table 3
lists the soil and tire parameters used in simulations. Table 4 lists the simulation results.

Predictions are usually within 25% of the experimental values. Predicting a' using the
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simple equation (14) appears to be acceptable. When coefficient ¢ was very large, errors
upto 40% were found in predicting "c”. The large values of "c" are usually found in very

hard soil where tractive ability is not a concern.

Conclusions: Based on our extensive field tests which included four tires, two soil
types, four soil conditions within each soil type, three levels of vertical loads, and three
levels of inflation pressures (altogether 288 tests), we obtained following semi-empirical
prediction equations for traction coefficients using traction mechanics, dimensional

analysis, and principle of energy conservation:

aW=1.73+0.572*Tpnax * Ac +3.589* Tpax K*ly + 5.672*(1) 9
KI’

aCW=0'881*[5t_l:5_5_ 0183 [?_ct j1-346 [%]—1.717 [}I_(c_]l.m [litw 198 [z A 0655
\ (10)
a'W = 5.843 - 3.697 [a‘ZK] + 11778 [2;%%%] (11)
a'b = 0.053 + 0.865 a' - 1.488 x1+ 13.496 x;2 (12)

The coefficients of multiple determination for a, c, a', and b in equations (9) through (12)
were respectively 0.79, 0.71, 0.88, and 0.91. Moreover, we found that simpler

expressions for a' and b' can be used without sacrificing on the accuracy much. The

simpler expressions for a' and b’ are:

a'=0.878 a + 0.187 (13)
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b' = 091 (14)

The coefficient of determination for a' in equation (14) was 0.82.

Once the traction parameters are determined, net traction coef., gross traction coef., and TE

as a function of slip can be determined by:

NT/W = a(l-e~%)

M =
(1
Bg = T/(W) = a'(1-be°®)
and
NT
TE = [%] (1-5) (8)
W
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Figure 4. Plot of experimentally determined traction coefficient, aW versus predicted
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Figure 6. Plot of experimentally determined traction coefficient, aW versus predicted

coefficient, aW using a semi-empirical technique.
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V.5.4. DEVELOPMENT TRACTION - SOIL COMPACTION MODEL.

In the final year of this study an axisymmetric, nonlinear elastic, variable moduli soil
compaction model was developed. Moreover, a 2-D and a 3-D traction prediction model
was also developed. We wrote user friendly computer programs to evaluate traction and
soil compaction characteristics of radial ply tires. A paper discussing the preliminary
results of this aspect of the study was presented at the Second International Conference on
Soil Dynamics in Silsoe, England in 1994. Another paper which dealt with the traction-
soil compaction more comprehensively was presented at the 1995 ASAE Summer meeting
in Chicago, IL. Based on some suggestion received at the ASAE Summer meeting, the
traction-soil compaction model was modified considerably and is presented below. There
is-still a need to further develop this model especially to improve on 3-D analytical traction
prediction and soil compaction prediction. Of the various traction prediction technique
included, the semi-empirical techniquebprovides superior results compared to all other
methods. An user-friendly, Microsoft QuickBasic traction-soil compaction prediction

program is available from the project leader for public use.

A Traction/Soil Compaction Prediction Model

Shrini K. Upadhyaya W. J. Chancellor
Biological and Agricultural Engineering Department, University of
California, Davis

I. Shmulevich D. Wolf
Agricultural Engineering Department, Israel Institute of Technology,
Technion

A. Hadas

Institute of Soil and Water, Agricultural Research Organization, Volcani
Center

Introduction and Review of Literature:
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Tractive ability of off-road vehicles is restricted mainly by the limitations of the traction
device (wheels or tracks) imposed by the terrain over which they operate. The tractive
efficiency of pneumatic tires ranges from about 90 percent when operating on concrete to
less than 50 percent on loose or sandy soils [Wulfsohn, et al., 1988]. A conservative
estimate of annual fuel loss due to the poor tractive efficiency of agricultural tractors in the
United States alone is about 600 million liters [Gill and VandenBerg, 1968]. Even an
increase in the tractive efficiency by a percentage point, amounts to over 25 million dollars

saved annually in the U. S. alone.

Soil-pneumatic tire interaction is a complex dynamic process. The geometry of the tire
_ such as its overall diameter, width, section height, and tread type, tire type such as radial
ply or bias ply construction, dynamic load on the axle, inflation pressure, and soil type and
condition influence the tractive ability of a tire [Upadhyaya et al, 1989; Upadhyaya and
Waulfsohn, 1989; Wulfsohn et. al., 1988; Upadhyaya, 1988; Yong et al., 1984; Gill and
VandenBerg, 1968]. Adjusting inflation pressure and changing axle load are two simple
ways of enhancing tractive ability of pneumatic tires. ~ Zoz and Turner (1994) found that
the peak tractive efficiency increased by 4 to 7% when inflation was properly adjusted to
the axle load. Wiley et al. (1992) reported that adjusting radial ply tire pressures properly
to static loads was a key factor in controlling power hop. Lancas et al. (1995) found that
properly adjusting inflation pressures to axle loads led to increased fuel efficiency,

productivity, and lower degree of soil compaction under California conditions.

Numerous studies have shown that increased axle load leads to increased tractive
performance of tires [ Upadhyaya et al., 1989; Wulfsohn et al., 1988; Yong et al., 1984,
Wong, 1980; Nowatski and Karafiath, 1978; and Bekker, 1956 and 1960]. However,
increased axle load also leads to increased incidence of soil compaction which has

implications on water infiltration rate, root penetration, tillage energy requirements,
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biological activity in soil, and perhaps crop yield [Hadas, et al. 1983, 1985, 1988; Trouse,
1971; Russell and Goss, 1974; Bowen, 1982; Hadas and Wolf, 1984; Wolf and Hadas,
1983, 1984; LAWR-Cooperative extension, 1984; Hassan and Upadhyaya, 1991].
Therefore benefits of increased tractive ability due to increased axle load should be carefully
evaluated with respect to its implications on soil compaction. A joint Binational (United
States and Israel) Agricultural Research and Development [BARD] Project was initiated
between the University of California, Davis, Israel Institute of Technology, Technion,
Agricultural Research Organization, Volcani Center, Israel in 1991. One key objective of
this project was to develop a traction/soil compaction prediction model. This paper
discusses the development of a traction/soil compaction prediction model at the University

of California, Davis.

Traction Prediction Equations:

Upadhyaya and Wulfsohn (1990) reviewed various traction prediction equations reported
in the literature. In this study we have included five different techniques of predicting
traction for radial ply tires. Two of these equations are based on characterizing soil by its
cone index value ( Brixius equations (1987) as modified by Al-Hamed et al., 1994, and
Upadhyaya et al. 1989). The third set of equations are based on the semi-empirical
equations developed by UpadHyaya and Wulfsohn (1993) which uses soil sinkage and
shear parameters. The fourth set of equations is based on a 2-D contact geometry, soil
sinkage and shear properties, and traction mechanics. The last set of equations considers
the 3-D nature of the soil-tire contact profile and evaluates tractive ability based on traction
mechanics, and soil sinkage and shear properties. We also intend to incorporate a neural
network based prediction. However, it is not included in this study. These equations are

discussed below:
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Cone Index Based Predictions Using the Modified Brixius Equations:
Brixius (1987) reported traction prediction equations for bias ply tires which were
improvements on the earlier equations reported by Wismer and Luth (1972). He suggested
that these equations could be modified for radial ply tires by changing some of the empirical
constants in those equations. Based on Brixius's suggestions, Al-Hamed et al. [1994]

used following equations to predict tractive ability of radial ply tires:

0.9  0.58

B, VB,

Uy =NT/W = 0-88(1—6'0'113“)*(1—e'9'5s) _

Lo = T/TW = 0.88(1—e Bry*(1-¢5) + 0.032
gt

where
WL, = net traction coef.
NT = net traction
W = axle load
Cbd, _1+56/h
Br= W 03074
C; = cone index
b = section width ey
d = overall diameter
& = loded deflection
h = (d — rim diameter)/2
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\Y
S =slip = (1--%
p = ( Vt)
V, = actual tarvel speed
V, = Theoretical wheel speed = r®

'r = rolling radius on a hard surface

_2.5(d/2)(static loaded radius)
1.5(d/2) + (static loaded radius)

® = angular velocity of wheel
Hg = gross traction coef.
T = input torque

Cone Index Based Predictions Using the Upadhyaya and Wulfsohn
Equations (1989):

Upadhyaya and Wulfsohn (1989) conducted extensive field tests using the UC Davis single
wheel tire tester ( 3 tires x 2 soils x 5 soil conditions x 3 axle loads x 2 inflation pressures).
Using a nonlinear regression technique, they found that the traction test results always

fitted equations of the following type with very high coefficients of multiple determination

(R2):

By = NT/W = a(l-¢™%)
(2)

Heg = T/(@W) = a(1-be®)

where a, c, ', b, and ¢' are soil, tire, and loading (inflation pressure and axle load) related
empirical coefficients. They found that ¢ was approximately equal to ¢’ in all cases. They
used traction mechanics, conservation of energy principle, and dimensional analysis to
relate these empirical coefficients to soil, tire, and loading parameters. They had limited

success in relating these coefficients to soil parameters when only soil cone index and
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moisture content values were used to represent soil type and conditions. They obtained the

following empirical equations:
a=0.311+ 0.067 (b/) +0.001 (Ci/p) + 1.089 (6) - 0.933 (Ci/p) (W/Cibl)2

1/c = -5.376 - 0.764 (aW/1) + 4.923 (b/l) - 211.152 {W/(C; b))} () 3)
+ 101 (/1) {W/(C;bD)} + 32.646 (6) + 30913 a

a' = 0.245 +0.411 (8) +0.474 a + 0.251(a/l) - 0.001 a (aW/1)2
b = 0.2993+0.5343 (a/a) + 0.1336 {a/(a')} - 0.0002 (a/a')(aW/1)2

where 1 = contact length, m
p = inflation pressure, kPa

0 = moisture content in dry basis, fraction

All quantities in equation (3) are expressed in SI units (i.e. length units are in m, forces are
in kN, pressures are in kPa ). The coefficients of multiple determination for parameters a,

¢, a, and b are respectively 0.61, 0.73, 0.71, and 0.76.

Semi-empirical 2-D Predictions Based on Soil Sinkage and Shear

Parameters (Upadhyaya and Wulfsohn, 1993)* :

Realizing the inadequacy of using only soil cone index values to represent soil
characteristics (as in equation 2 above), Upadhyaya et al. (1993) developed an

instrumented soil test device to measure soil sinkage (sinkage constant, k, and exponent,

* Unfortunately, the original article by Upadhyaya and Wulfsohn (1993) contained some typographical
errors in a'W and a'(1-b) equations.
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n), and shear (cohesion, C, internal angle of friction, ¢, and shear modulus, K)
parameters. Using these soil parameters, traction mechanics, and conservation of energy
principle, Upadhyaya and Wulfsohn (1993) developed empirical equations to predict
traction parameters a, c, a’, and b. In deriving the theoretical basis for these equations they
assumed the soil-tire contact area to be elliptical in a 2-D space. These prediction equations

are of the following form:
a=6.675+0.952 A; Tmax - 19.208 Tmax K Iw

l/c = -4.682 + 413.067[ a (1_)/ Tmax )(K/C)1+41.377 [aW/(K(lc)) 4)
a' W = 8.527 - 15.793 (aWK/l;) +10.943 [(aW)2/(K(L)

a'(1-b) = 0.921 - 13.269 x; + 4.681 x; + 48.846 x;2 -19.878 x22
- 23.078 x1 X2

where
A, = 2-D contact area, m?2
Tmax=C + 1_) tan (¢), kPa
lw = contact width, m
K = shear modulus, m
K; = tire stiffness in the tangential direction, KN/m

p = average contact pressure, W/A. , kPa

I = contact length, m
X = 8t /lc

Xy = [8s /(n+D]/1,
ds = soil deformation, m

d; = tire deformation in the vertical direction, m
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The coefficients of multiple determination for a, c, a', and b were respectively 0.82, 0.79,

0.92, and 0.84. However, these equations were based on limited tests.

During the summer of 1993 extensive field tests were conducted using the UCD single
wheel tester. Four radial ply tires [13.6R28, 16.9R38, 18.4R38, and 24.5R32] were used
in this study. The tests were conducted in a Capay clay and a Yolo loam soil on the UCD
campus. In each of these two soils four soil conditions were created. A 240 m x 240 m
plot was marked off in each field. This plot was divided into two subplots, one of which
was irrigated and the other was left dry. Both the irrigated (wet) and dry subplots were
further subdivided into two sub-subplots. One each of these sub-subplots was tilled and the
other was left undisturbed. Each tire was tested in each of these soil conditions at three
levels of vertical loads (approximately 26, 20, and 14 kN) and three levels of inflation
pressures (64, 85, and 106 kPa). This test plan resulted in 288 traction tests. Moreover,
in each of these soil condition plate sinkage tests, grouser shear tests, cone penetrometer
tests were conducted to obtain soil parameters related to traction. Furthermore, soil density
and moisture content data were obtained to quantify soil conditions. All 288 tests were
analyzed using the approach outlined by Upadhyaya and Wulfsohn (1993) to obtain the

following general empirical equations:

aW=1.7340.572*Tmax * Ac +3.589* Tax K*lw + 5.672*(—p—)

KI'
S, =8¢ 0183 (011346 lw1-1717 Je 1743 lclw 14198 0.685
. i 5 . W - Y - - T A -
2CW0.881* _—_lc ] [lc] [K] [K] [—Ac ] [Tmax Acl
W12
2W = 5.843 - 3.697 K] & 11778 @, (4a)
I, 294.1%1,

a'b = 0.053 + 0.865 a' - 1.488 x;+ 13.496 x;2
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It was further found that a' and b' may be determined using following simpler equations

with out sacrificing much on accuracy. i.e.

a'=0.878 a+0.187 (4b)

b' = 0.91
where K; is the Recee's sinkage constant, & (m) is the total deformation (soil+tire), and
(m) is the maximum soil deformation. The coefficients of multiple determination for a, c,
a', and b in equation 4a were respectively 0.79, 0.71, 0.88, and 0.91. The coefficient of

determination for a' in equation 4b was 0.81.

From equations 4 and 4a it is clear that equations for coefficients a' and b' are similar for
the more general case compared to the one obtained earlier. Equation for coefficient "a" has
an additional term which is related to soil sinkage and was found to be necessary to account
for different soil type and conditions included in this study. The coefficient ¢ was the
hardest to predict and needed several terms to account for various soil type and conditions

and tire sizes.

Analytical Model Based on 2-D Contact Area and Traction Mechanics: In
this approach the contact area is assumed to be 2-D (i.e. like on a hard surface). This
allows us to use the tire-contact information provided by the tire manufacturers to predict
tractive characteristics of tires. Information such as load deflection characteristics, contact
length, contact width, and contact area can be obtained for any tire from tire engineers
associated with tire companies. The 2-D contact length and area were found to vary
linearly with tire deflection in all the cases studied (13.6R28, 16.9R38, 18.4R38, and
24.5R32 tires). The contact width was found to vary as a highly nonlinear function of tire

deflection as given below for all four tires considered:
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(1/14)% = bg + by (1/8¢)2 + by (1/8¢)* )

where by, by, and by are regression coefficients. This equation makes it possible to change
the shape of the footprint from elliptic under low axle load to rectangular with curved edges
at high axle loads in a smooth fashion, instead of a need to use piece-wise smooth
functions such as the ones used by Upadhyaya and Wulfsohn (1990). Equation (5) can be
used to determine the shape of the 2-D contact surface. Once the shape of the contact
surface is known, the pressure distribution over the contact area can be estimated. The tire
deformation can be estimated form the following equation,

5,

di=gxy) = 7l

2 2.2
14 (lc -y ) X4] (6)

o+ (12 —yH) +cy (12 —y?)?

where xy represents a right handed Cartesian coordinate system in which y coincides with
the direction of travel. Note that d; is the tire deformation at any location (x,y) in the
contact surface and g(x,y)=0 gives the 2-D contact surface [See Fig. 1]. Moreover, co,
c1, and cp are related to bp, by, and by respectively by contact length versus tire

deformation relationship.

The net traction is given by:

NT = [[C +p(x,y)tan(@)][1 -e 5K 1dxdy 7
AC
T = [[C +p(x,y)tan(®)][1-e %] r dxdy )
AC

where £ = distance shown in Fig. 1
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r = moment arm of elemental shear stress about the axle.

Although p(x,y) varies along the 2-D contact area because of the presence of treads and the
edge effect, an average pressure equal to (axle load, W)/(contact area, Ac) was used to
evaluate integrals (7) and (8). In addition energy losses due to tire and soil deformation
are also accounted for in determining the gross traction coefficient.
Analytical Model Based on 3-D Contact Area and Traction Mechanics: In
this model soil is allowed to deform to produce the full 3-D soil/tire interface. The model
starts with the 2-D contact model described in Eqn. (7). If tire alone deforms, we have

di =0 f(xy) )
where f (x,y) =g(x,y)/ & and 0 is maximum tire deformation.
If wheel is rigid and only soil deforms, soil deformation, ds, can be written as:

ds =8 f(x,y) (10)
If both soil and tire deform, we have,

di=381f(xy) -ds (11)

or,

de+ dg = (x,y) (12)

If & is the maximum soil deformation, then the 3-D soil deformation can also be written as,
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ds = 8 f(x,y) (13)

The maximum soil deformation can be estimated from average contact pressure (p = W/A()

using Reece's sinkage formula as follows:
8 = b (p/ks)/m) (14)

Finally, requiring that integral of the vertical stresses over the contact surface should equal
to the axle load, we obtain,

W=k

S

J(%)" dx dy (15)
AC

Equation (15) can be evaluated if 3-D contact area is known. In order, to know the front
and rear contact lengths and widths, we need to know 6 in equation (9). Using 2-D tire
deformation, &, as the initial guess for 8, equation (15) can be evaluated to estimate W. If
estimated W is too low, we need to increase & by an amount equal to the estimated error,
and reevaluate equation (15). On the other hand, if W is too high, we decrease & by an
amount equal to the estimated error and once again evaluate equation (15) until W is
estimated with desired accuracy. This technique results in a value of 6 which estimates W
within about 1% accuracy in a few iterations. Note that we assume no rebound in the soil

after the wheel passes.

Once the 3-D soil deformation is obtained, soil stress at every point in the contact can be
determined. Usually kg is obtained using a small sinkage device in the field. This kg value
should be modified to account for the larger dimension of the tire. A soil compaction

model was developed to estimate the kg value appropriate for the tire. To evaluate net
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traction and input torque a further assumption was made as shown in Fig. 2. The smooth
3-D surface was approximated by steps in the Y-direction so that normal stress became

vertical and Reece's sinkage equation could be used.

The net traction, NT is given by,

NT = [[C + o tan (9))1-e X)) dxdy
AC

= k(d,/b)"

T = [IC + o tan (®)I1-e 5Ky 1 dxdy (16)
AC

The integration shown in equation (17) is evaluated over the whole 3-D contact surface.

Soil Compaction Model:

An axisymmetric, nonlinear elastic, variable moduli model was developed to predict soil
compaction. The zone of influence under the plate was assumed to be a cylindrical column
of soil directly under the plate. Moreover, a punch failure was assumed to occur at the
edge of the plate. Referring to Fig. 3a, we can write the equation of vertical equilibrium for

element (1) as:
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do, P
+(—=)t =0 17
iz ( A) (17
where G, = vertical stress
Tt = shear stress =[C+ o, tan O-e "X ]
P = perimeter of the plate
A = plate area
o, = radial stress
w = vertical deformation at the edge of

the plate

Radial expansion of the soil was incorporated into the model by solving the radial
equilibrium equation for the cylindrical soil element using the Galerkin approach. The
equation of equilibrium in the radial direction is given by (Reismann, H. and P. S. Pawlik,

1980):

acr+ 0. ~0p . ot

— =0 18
or T 0z (18)
From the constitutive relations, we have
do, = ————E—-—[de + v de,) (19a)
T A+wa-2v) z
E
do, [2v de, + (1-V) dg,) (19b)

T d+vyi-2v)

where E is the Young's modulus and v is the Poisson's ratio. If a logarithmic elastic
behavior is assumed, then elastic modulus, E can be assumed to be proportional to the

hydrostatic stress, p. i.e.:
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E=Eg+E1p (20)
and shear modulus, G= E _ Eo *Eip 21

204v)  2(1+V)

Moreover, from the constitutive laws we can show that, (cf. Reismann and Pawlik, 1980),

(or - 00) = 2G (& - €0) (22)
For small deformations, shear stress T may be approximated by (cf. element 2 in Fig. 3)

1=Gw/L=(Gg+G1p)w/L (23)

From traction mechanics, we have
1= (C+ o, tan (¢) (1-e-W/K) (24)

If 6, = p p* and w is small equation (24) becomes,

T = (C+ p ptan (¢p)) w/K (25)
From equations (23) and (25) we see that Go = C, G1 =p tan (¢) , and L= K. The shear
stress term in equations (17) and (18) are modeled using equation (23) [alternately equation
(25)] until it reaches a maximum value of [C+ p p tan (¢)] and thereafter remains constant
at this maximum value. Combining equations (18) through (23) we can rewrite the radial

equilibrium equation as:

(sr —89) é’v_h

+8z

2 0t N aez]+
oz

(1—2v) or (r=R) 26)

* This will be verified later.
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where h(r-R) represents the unit Heavy-side function. Assuming distribution of radial

displacement, u, vertical displacement, w, and shear stress, T, to be as shown in Figs. 3b,
3¢, and 3d over element (1) which is directly under the plate and element (2) which is

outside the plate, we get,

u=§u 0<r<R

u=(1-&u R<r<(R+L) 27)

w = w(z) O0<r<R

w=w(1-§) R <r<(R+L) (28)
and 1=0 O<r<R

1=Gw/L R<r<(R+L) (29)

where £ =r/Rin0<r<Rand § = (r-R)/Lin R <r <(R+L).

Applying Galerkin's technique to equation (26) over elements (1) and (2), we get,

R+L 2 0t oc,. (g, —g&g) oW
N L4zt 80 4~ h(r—R)] 27 dr 30
(J; [(1—2v)[8r az] z (r=R)] 2mr (30)
where N = shape function
=f if0<r<R

=(1-§) if R<r<(R+L)
r =¢R if0<r<R
=(1-§) R+& (R+L) ifR<r<(R+L)
Evaluating equation (30) utilizing equations (27), (28), and (29), we obtain the following

expression for u; upon considerable simplification,
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6. —o2
r= oz
(31)
where 0 = (4vR + 2 vL +4R + L)
24(R + L)(1—2v)[ 2v + (R + L)ln[(R + L)]
(1-2v) L R

Using the convention that compression is positive, we can represent vertical strain, €, as:

g, = - (dw/dz) (32)

Utilizing equations (19b), (23), (31), and (32) in equation (17), we can rewrite the vertical

equilibrium equation as,

d*w
—w =0 33
2 (33)
where A = PG
2GBAL
G = shear modulus for element (2)

G = shear modulus for element (1)

1
B = ———(1_2v)R[(1—v)R - 2va]

Moreover, from equations (19a and b) and 31, we can show that
or=pp (34)
and p=%0Oz

_ 1 1+ V)(R-20)
T 3 [R(1-V)-2vo)

where
_ [oo—VR]
[2va—(1-V)R]
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Nonlinear equation (33) was solved using a Finite element technique which utilized an
updated Lagrange technique to handle large displacements. Following boundary conditions
were used during the finite element analysis.

w=0 when z=> oo

and G,= D,

where p, = applied pressure.
Applied pressure was implemented in several steps. At each step, every element was
checked for shear failure at the edge. When an element failed, it was assumed to become

incompressible (i.e. Poisson's ratio approaches 0.5, Chancellor, 1993).

Results and Discussion:

A user friendly computer was written to evaluate tractive ability of radial ply tires. This
program currently contains data for 13.6R28, 16.9R38, 18.4R38, and 24.5R32 tires.
Tractive ability of any of these tires can be predicted under desired soil and loading
conditions using one or more of the methods outlined earlier. The program produces net
traction coef., gross traction coef., and tractive efficiency [TE = (Unt/Mgt)(1-S)*100]
estimated by various prediction techniques. Figure 4 is a block diagram which shows the

major steps involved in the traction prediction program.

This program was used to evaluate the traction of 15 randomly selected conditions out of
the 288 explored during the course of this project. Five of these 15 conditions are
presented in figures 5 to 10. These figures in sets of three (a,b,c). For example figure Sa
represents prediction of net traction coef., 5b depicts prediction of gross traction coef., and
5c shows the plot of tractive efficiency. Figure 5 represents the tractive ability of 13.6R38

tire operating in a tilled, wet, Capay clay soil at an axle load of 13.5 kN and an inflation of
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103 kPa as predicted by the various prediction techniques. For this case semi-empirical
technique provided the best prediction. Both 2-D and 3-D analytical techniques tended to
over predict its tractive characteristics and the two cone index based technique under-
predicted its tractive ability. In general, semi-empirical prediction technique which is based
on traction mechanics, dimensional analysis, and conservation of energy principles appears
to be the best (Figs. 5 to 10). In general, 2-D and 3-D analytical prediction technidues
resulted in similar values for NT/W, but 3-D technique estimated T/rW better since it
accounted for 3-D nature of soil-tire interaction. 3-D technique also predicted TE better
than 2-D technique. Among the cone index techniques Brixus based technique performed
better than the model proposed by Upadhyaya and Wulfsohn (1989). In general, cone
index based techniques appeared.to work well in a narrow range of soil cone index
cc;nditions. Method proposed by Upadhyaya and Wulfsohn (1989) worked reasonably
well for high cone index (plots not shown) and low moisture values, and under-predicted
tire's tractive ability under all other conditions. This technique seems to have the most
limited range of application. The modified Brixus equations worked well for medium range
of cone index values. It tended to over predict tire's tractive ability for higher cone index

values and under predict its traction characteristics for low cone index values.

Table 1 lists the details of the operating conditions used for simulations shown in figures 5
through 10. The inadequacy of 2-D and 3-D analytical techniques in predicting tire's
tractive characteristics is most likely due to the differences in soil parameters (sinkage,
shear etc.) estimated using small plates used on the soil test device versus actual values as
seen by larger tires. Unfortunately, our attempts to scale up sinkage parameters using our
soil compaction model was not successful. It should be noted that semi-empirical
technique is similar to 2-D analytical techniques except that the prediction equations have
been calibrated against the experimental results. A similar approach with the 3-D analytical

technique could be even better. However, this aspect was not investigated in this study.
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Although the 3-D analytical technique needs further work, it appears to have a good
potential. It not only provides an estimation of tractive characteristics of tires, it also

estimates the pressure distribution on the 3-D surface.

Figures 11 and 12 show the effect of inflation pressure on soil deformation. At a low
inflation pressure level soil does not deform as much (Fig. 11) compared to soil

deformation at a high inflation pressure level(Fig.12). The qualitative predictions seem

quite reasonable.

Figures 13, 14, 15, and 16 show the results of soil-compaction program. Figure 13 shows
displacements, Fig. 14 shows vertical stress, Fig. 15 shows the radial stress, and Fig. 16
shows void ratio at four different levels of applied pressure. The results shown are for a
sinkage test using a 100 mm plate in a soil with a cohesion of 14 kPa, internal angle of
friction of 22 deg., shear modulus of 9mm, previous loading of 25 kPa, and a void ratio of
1.26. The predicted displacements are reasonable compared to the experimental results. It
is interesting to see the prediction of void ratio by this model (Fig. 16). The compaction
process appears to propagate from the surface down as surface load is increased. There
appears to be a zone of active compression ahead of the layer which has been compressed
to its critical value. This phenomenon has been observed by Dr. Chancellor, Professor,
Biological and Agricultural Engineering Department, UCD in his extensive studies on soil
compaction (personal communication). This model needs further experimental verification.

This aspects is worthy of further investigation.

Conclusions:

Based on this study we reached the following conclusions:
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1. A traction prediction program which estimates the tractive ability of pneumatic tires using
several different techniques (2D-semi-empirical, CI-based, Brixius, 2-D analytical, and 3-D
analytical) has been developed and a user friendly computer program was developed to

evaluate these models for radial ply tires.

2. Our simulation studies indicate that semi-empirical model performed better than all other
prediction technique. The 2-D and 3-D analytical techniques tended to over-predict the
tractive ability of tires. The cone index based equations developed Upadhyaya and
Wulfsohn (1989) under-predicted tractive ability of tires under low soil cone index value
conditions. The cone index based technique developed Brixius (1987) as modified by
Al-Hamed et al. (1994)] over predicted tractive ability of tires under high soil cone index
values and under-predicted under low cone index values. It appears to work reasonably
well for mid range of soil cone index values. It should be noted that the semi-empirical
technique is similar to 2-D analytical prediction technique, but calibrates model response to
experimental results to obtain empirical coefficients. A similar approach with the 3-D

analytical model would be useful.

3. A nonlinear elastic, variable moduli, FEM model was developed to predict soil
compaction. The qualitative behavior of this model was reasonable and predicts soil
sinkage under a 100 mm plate reasoﬁably well. However, this model needs to be verified

in the field for predicted stress distribution and void ratio.
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d

gx,y)=0

Figure 1. Evaluation of net traction and input torque for the case
of 2-D analytical model. _

Smooth surface replaced o

by steps
\Q —

Figure 2. Approximating the smooth 3-D surface by steps.
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Fig 3d. Shear stress distribution
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Input Axle load and

Inflation Pressure

v

Select the tire for analysis

v

Select one or more analysis
technique

Vv

Claculate 2-D contact

information based on

tire company data and
display results.

v

Input soil data

v

Depending on the analysis technique selected evaluate NT/W,
T/(rW), and TE, and display them. Also store the results for
later use.

If 2-D analytical technique is selected, compute stress
distributionat the tire-pavement interface and display the results.

If 3-D analytical technique is selected, compute soil and tire
displacements at the soil-tire interface, calculate interface-stress
distribution and plot them. Store the results for later use.

v

Use soil compaction program to compute
and display soil compaction.

Figure 4. Block diagram of the traction-soil compaction prediction program.
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Figure 13: Effect of plate load on soil displacement as a function of depth.
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Figure 14: Effect of plate load on the vertical stress as a function of depth.
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Figure 15: Ef‘fect of plate load on the radial stress as a function of depth.
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Figure 16: Effect of plate load on the void ratio as a function of depth.
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VI. DESCRIPTION OF COOPERATION:

We tried to achieve cooperation between U. S. and Israeli investigators by several means.
These were:

1. Exchange of information by e-mail, FAX, air-mail, and telephone.

2. Meeting held in Israel during Dr. Shrini K. Upadhyaya's visit to Israel.

3. Meeting between investigators during the ICCPAM conference in Bonn, Germany.

4. Meeting held in U.S. during Dr. Wolf and Shmulewich's visit to U. S.

5. Meetings held in Silsoe, U.K. during the International Soil Dynamics Conference.

6. Meetings held between investigators during semi-annual ASAE meeting in the U. S.

7. Dr. Rubinstein visited U.S. and worked on this project with Dr. Upadhyaya and

returned to Technion as a faculty member and continued to interact with both UC Davis and

Israeli investigators.

VII. EVALUATION OF THE RESEARCH ACHIEVEMENT WITH
RESPECT TO THE ORIGINAL RESEARCH PROPOSAL AND ITS
OBJECTIVES:

Both Israeli and U. S. investigators have made concerted effort to address all the objectives
of the project as originally proposed except the development of an expert system to predict
traction-soil compaction tradeoff. As the reviewers of our proposal had suggested we
realized that we were overambitious in some of our objectives. At the initial meeting
between the U.S. and Israeli investigators it was decided that U.S. investigators will
concentrate on the determination of in-situ determination engineering soil properties
(secondary objectives la and part of 1b), determination of 3-D soil-tire contact profile
(secondary objective #2), development of traction prediction models (secondary objective

#3), and the Israeli investigators will concentrate on the dynamic aspects of traction
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prediction (part of secondary objective #1b), and developing a soil compaction model
(secondary objective #4). At the end of second year of the study when Dr. Upadhyaya
visited Israel the project status was evaluated and it was decided that dynamic effects were
extremely complex and would require much more time and effort to bring to meaningful
conclusions. Since even the quasi-static aspects of traction and soil compaction are not
well understood, it was thought to be worthwhile to concentrate on the quasi-static
aspects. We felt that since most of the agricultural heavy draft operations fall under this
category (0 to 5 kmph range), this is an appropriate compromise to make. In view of this,
only limited studies were conducted in Israel on the effect of strain rate on soil-tire
interaction. It was decided that Israeli investigators will concentrate on the development of
traction and soil property test devices (single wheel tester and in-situ soil sinkage and shear
tester) and the development of a quasi-static soil compaction model. Rather than critical
state concept based soil compaction model which requires a large computer to simulate, a
simpler model that can be implemented on a PC would be developed by the U.S.
researchers. Moreover, secondary objective #5 would be accomplished by integrating the
traction model with the soil compaction. It was also felt that we would not have enough
time to accomplish objective #6 as it stands. Instead of an expert system, an user friendly
computer program that predicts tractive ability of pneumatic tires would be developed at U.
C. Davis. When coupled with the soil compaction program, this results in a traction-soil
compaction prediction program. With these in mind, our research evaluation may be

summerized as follows:

1. Development and verification of a response surface methodology to determine
engineering properties of soil in-situ based on both Drucker-Prager and Critiacl State

(Modified Cam clay) soil constitutive model.
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2.  Development of a semi-empirical traction prediction model for radial ply tires based
" on extensive field tests in the U.S.
3. Development of a traction prediction model which takes into account dynamic effects

(Israel).

4. Development of a single wheel tester and a soil test device which will greatly assist

the traction-soil compaction studies in Israel.

5. Development a soil compaction model to predict stresses within the soil as well as
changes in the void ratio. The qualitative behavior of this model is fine, however,

quantitative behavior needs additional verification.

6. Development of a user friendly traction-soil compaction prediction program which
provides several alternatives to predict traction (empirical cone index based to semi-
empirical based on traction mechanics and conservation of energy principle to analytical
technique). The 3-D analytical traction prediction model is quite intriguing, however, it
tends to over predict tractive characteristics of tires. There is a need to develop a calibration

technique for this method. The semi-empirical prediction is reasonably good at this point in

time.

VIII. CONCLUSIONS:

We have listed our conclusions in the body of the report under each topic addressed. The
major accomplishments of this project are the development and verification of the response
surface method to determine engineering properties of soil in-situ; development of the semi-
empirical traction prediction equations; a traction prediction model that takes into account

dynamic effects; developments of a single wheel tester and soil test device in Israel;

-t
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development of user friendly traction-soil compaction prediction program which is available

for public use.
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